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!Summary 
 
The alignment of all chromosomes at the spindle equator is a universal 
feature of mitosis in metazoans. Kinetochores mediate this migratory event 
by either sliding chromosomes along the lattice of spindle microtubules 
(lateral sliding) or by coupling them to depolymerising microtubule plus-
ends (depolymerisation-coupled pulling, DCP). While a robust molecular 
description of the lateral sliding mechanism has been generated both in 
vivo and in vitro over the past decade, similar models of DCP are lacking. 
This may represent the comparable complexity of DCP, where multiple 
redundant kinetochore factors contribute to specific DCP sub-steps that 
together enable congression. Moreover, unlike the lateral sliding motor 
CENP-E, many candidate DCP factors have pleiotropic roles in the 
kinetochore and convincingly separating these in vivo is complex. Here, we 
discuss how combining high-resolution kinetochore tracking with specific 
molecular perturbations enables the assignment of distinct DCP functions 
to kinetochore components. This enables us to build an integrated model of 
chromosome congression in vivo, which acts downstream of the well 
established microtubule attachment machinery. We also resolve some of 
the previously reported discrepancies associated with depletion of 
kinetochore proteins. Finally, this work identifies a previously overlooked 
step in wild-type congression.  
 
!Chapter 1: Introduction  
 
1.1 Overview of mitosis 
 
The field of cell division began with the 17th century discovery of cellula – 
small chambers that make up cork (Hooke, 1665). After nearly two 
centuries of research, this idea evolved into ‘cell theory’, a proposal by 
German biologists Matthias J. Schleden and Theodor Schwaan, which 
stated that all living organisms are composed of microscopic units (cells) 
that are generated by de novo synthesis (M.J.Schleden, 1838; Schwaan, 
1839). Despite being an accepted model for nearly 50 years, several lines 
of evidence contradicted this ‘free cell formation’ proposal. Including earlier 
findings of cell multiplication by binary fission (Paweletz, 2001; Remak, 
1855; von Mohl, 1835), and pioneering work on animal cell division by 
Walther Flemming (Flemming, 1882; Paweletz, 2001). Building on the first 
observations of metaphase and anaphase by Anton Schneider (Schneider, 
1873), Flemming published an extensive description of mitosis called “Cell 
substance, nucleus and cell division” in 1882 (Flemming, 1882; Paweletz, 
2001) (Fig 1). Here, he described the rearrangement of ‘nuclear threads’ 
during ‘karyomitosis’ (threadlike metamorphosis of the nucleus). This 
process was subdivided into progressive and regressive phases. The 
progressive phase began once threads could be observed in the nucleus, 
and continued until all threads where aligned at the cell equator. As the 
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Figure 1: The stages of mitosis by Walther Flemming
Images from Walther Flemming’s 1882 description of mitosis. Here, he described the 
rearrangement of ‘nuclear threads’ during ‘karyomitosis’ (threadlike metamorphosis of the 
nucleus). This process was subdivided into progressive and regressive phases. The 
progressive phase began once threads could be observed in the nucleus, and continued 
until all threads where aligned at the cell equator. As the threads began to separate, the 
cell entered the regressive phase, which encompassed all subsequent mitotic stages until 
the formation of daughter nuclei. Adapted from Paweletz, 2001. 
!threads began to separate, the cell entered the regressive phase, which 
encompassed all subsequent mitotic stages until the formation of daughter 
nuclei (Flemming, 1882; Paweletz, 2001). In 1888, these threads were 
renamed ‘Chromosomen’ (stainable bodies) (Waldeyer, 1888).  
Now, mitosis is defined as the equal segregation of replicated DNA from a 
single parent into two daughter cells. Importantly, this division creates two 
progeny that are genetically identical to one another and the parent cell, 
which differentiates this process from meiosis and the production of 
gametes (McIntosh, 2016). Mitotic cell division can be observed in all 
eukaryotes, and follows a series of highly conserved steps (Fig 2) 
(McIntosh, 2016). It begins with prophase, where the long thin chromatin 
strands supercoil into compact chromosomes and the nucleolus 
disappears. In open mitosis, which is used by somatic cells of higher 
eukaryotes, the nuclear envelope then breaks down (NEB) scattering the 
condensed chromosomes throughout the cell. This cell is now said to have 
entered prometaphase. Simultaneously with NEB, two structures known as 
centrosomes, which nucleate dynamic tube-like polymers called 
microtubules, move to opposite ends (poles) of the cell. Microtubules grow 
from these foci at either pole forming the mitotic spindle, which in turn bind 
chromosomes via the kinetochore, a large protein machine that assembles 
on the centromere of each sister chromatid (Fig 2). For a detailed structural 
description of the kinetochore see appendix 1. The two kinetochores on 
sister chromatids are in a mirrored orientation, a geometry that favours  
1. Prophase
2. Prometaphase
3. Metaphase
4. Anaphase
5. Telophase
6. Cytokinesis
a b
Centromere Kinetochore Microtubule
Chromosome arm (condensed DNA)
Centrosome
Decondensed DNA
Figure 2: An overview of mitosis
Chromatid
Chromosome
(a) Cartoon representation of mitosis. For detailed description see section 1.1. Briefly, mitosis beings with 
prophase (1), where the chromosomes condense, nuclear envelope breaks down and centrosomes move to
opposite poles of the cell. Once the nuclear envelope is lost and the chromosomes are scattered throughout
the cell, it is said to have entered prometaphase (2). Here, dynamic tube-like polymers called microtubules 
grow from the centrosomes at either pole, and interact with chromosomes via a large centromere associated 
protein structure called the kinetochore. These kinetochore-microtubule attachments generate a force that 
aligns chromosomes at the spindle equator, an imaginary plane equidistant from either pole. Once all 
chromosomes have aligned, the cell is said to have entered metaphase (3). Following a short pause, the cell 
enters anaphase (4). Here, the cohesion between sister chromatids is broken and their attached microtubules 
dissemble, pulling them to opposite poles of the cell. Once the two chromatin masses have reached either
 pole, the cell enters telophase (5), where nuclear envelopes reform and the DNA decondenses. The cell is 
then physically cleaved in a process called cytokinesis (6). (b) Cartoon representation of the kinetochore-
microtubule attachment interface.
!each kinetochore making a single attachment to microtubules emanating 
from the pole it faces. Once bound to microtubules, the leading kinetochore 
generates a directional force that aligns chromosomes at the spindle 
equator, an imaginary plane equally distant from either pole. This migratory 
event is termed congression, and once complete for all chromosomes the 
cell is said to have entered metaphase. Following a short time lag 
associated with the silencing of the spindle checkpoint, the cell enters 
anaphase. Here, the cohesion between sister-chromatids is broken and the 
K-fiber bound to each kinetochore depolymerises, which results in the 
segregation of chromatids to opposite poles. Once all chromatids are 
positioned at either pole the cell enters telophase, where a nuclear 
envelope reforms around each chromatin mass and the DNA de-
condenses. The parental cell is then divided via contraction of a membrane 
tethered actomyosin ring prior to being physically cleaved into two daughter 
cells, a process termed cytokinesis.  
 
1.2 Introduction to chromosome congression 
 
Congression is the process by which chromosomes are aligned at the 
spindle equator during mitosis. This event is highly conserved among 
animal cells and has independently evolved in several lineages (Nicklas 
and Arana, 1992; Pereira and Maiato, 2012). Suggesting that it is critical for 
accurate chromosome segregation. The mechanics of congression have 
!been the focus of considerable research for almost half a century, and this 
has seen what appears to be a simplistic migratory event grow into a 
complex multi-modal system of mediators, spatial cues and chromosome 
states.  
 
The myriad of challenges presented during congression can be highlighted 
by looking at its end-point, metaphase. Here, all chromosomes are aligned 
at the spindle equator, an imaginary plane equidistant from either pole, with 
sister kinetochores in a bi-oriented state (Fig 3). Also known as an 
amphitelic attachment, bi-orientation describes the formation of single, end-
on kinetochore-microtubule attachments to opposite spindle poles (Fig 3).  
In contrast, early prometaphase cells appear tumultuous, with 
chromosomes distributed throughout the cytoplasm following NEB (Fig 3). 
This creates several problems that must be overcome. First, kinetochores 
must not only bind microtubules, but also bind in a conformation that 
permits migration through the spindle. As such, erroneous attachments 
must be destabilised, and the attachment status of all chromosomes must 
be communicated. Second, peripheral chromosomes require relocating into 
the spindle, enabling interaction with microtubules emanating from opposite 
poles. Finally, the kinetochore-microtubule attachment must generate a 
directional force that moves chromosomes toward the spindle equator. 
Here, I will introduce both the kinetochore-centric and non-kinetochore  
 
Figure 3: Kinetochore states in prometaphase and metaphase
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Top left, immunofluorescence image of a prometaphase HeLa cell stained for kinetochores (CENP-A, red), 
microtubules (α-tubulin, green) and DNA (DAPI, blue). Chromosomes are distributed throughout the early 
spindle, and a subpopulation is already positioned at the spindle equator (dotted line), which is located halfway
between the two spindle poles (asterisks). Bottom left, cartoon representation of the various spindle positions
and attachment states occupied by prometaphase chromosomes. Chromosomes are categorised as polar if 
they are located behind the pole within the astral region, unaligned if they are located between the pole and 
equator, and aligned if they are positioned at the equator. Within these regions, kinetochores attach to spindle
microtubules in numerous orientations; (1) bi-orientated (amphitelic), where sister kinetochores are bound to 
opposite spindle poles, (2) lateral-monoorientated, where one kinetochore in the sister pair is attached end-on
and the other is bound to the wall of a pre-existing microtubule bundle, (3) lateral, where both sister 
kinetochores are bound to the wall of a pre-existing microtubule bundle, (4) monoorientated, where one sister 
kinetochore is attached end-on and the other unattached, (5) unattached, where both sister kinetochores are 
unbound, (6) syntelic, where both sister kinetochores are attached end-on to a single pole, (7) merotelic, 
where one sister in a bi-orientated pair forms a second attachment to its distal pole. These erroneous 
attachments (6 and 7) are actively destabilised by Aurora B, enabling reattachment in a conformation that 
permits congression. Top right, immunofluorescence  image of a metaphase HeLa cell. Bottom right, cartoon
representation of the position and attachment states of metaphase chromosomes. Kinetochore pairs are
located at the spindle equator and are predominantly bi-orientated (1); however, merotelic (7) and lateral-
monoorientated (2) attachments can persist within this region at a low frequency (Cimini et al., 2003;
 Magidson et al., 2011). Asterisks in the images denote the position of the spindle poles.
!mechanisms that generate force, sense position and regulate attachment to 
permit the timely and accurate congression of all chromosomes.  
 
1.3 Kinetochores as the force generator  
 
In principal, two mitotic structures could generate the force that aligns 
chromosomes at the spindle equator: (1) kinetochores and (2) 
microtubules. Prior to electron microscopy (EM) studies formally identifying 
kinetochores as a distinct structure assembled on the centromere (Brinkley 
and Stubblefield, 1966), models of congression proposed that microtubule 
bundles (termed spindle fibres, now known as K-fibres) mediated force-
generation. The first manifestation of this idea was the ‘polar repulsion’ 
model published by Darlington in 1937 (Darlington, 1937). Here, it was 
proposed that the arrangement of chromosomes at the spindle equator was 
“due to repulsion from the poles acting on the centromeres”, and that the 
strength of this repulsion was inversely proportional to distance from the 
pole. As the repulsive force from either pole would be approximately equal 
at the spindle equator, chromosomes would migrate to, and remain in, this 
region (Darlington, 1937). This force is now known as polar ejection force 
(PEF), which is generated by the walking of chromatin-associated kinesin 
along non-kinetochore microtubules (see section 1.6.2) (Ault et al., 1991). 
However, while having a role in chromosome position sensing, the principal 
PEF generator Kid (Kif22) is dispensable for congression (Levesque and 
!Compton, 2001). An alternative idea is that K-fibres pull chromosomes. 
This concept formed the basis of the ‘traction fibre’ model suggested by 
Östergren in 1951. Here, Östergren proposed that centromeres are pulled 
towards their attached pole with a force proportional to K-fibre length 
(Östergren, 1951). Congression to the equator would then occur 
autonomously as this is where the antagonistic forces are balanced. 
Despite gaining some experimental evidence (Hays and Salmon, 1990; 
Hays et al., 1982; Östergren, 1945), several key observations discounted 
this model. If chromosome position at the spindle equator was maintained 
by the balancing of antagonistic forces, the severing of a metaphase K-fibre 
should move the sister-pair towards to pole attached to the undamaged K-
fibre. However, UV microbeam studies in Blood Lilly, Newt and Kangaroo 
cells demonstrated that the sister-pair only moved a short distance off the 
equator in certain cases (Czaban et al., 1993; Spurck et al., 1990). Thus, 
the maintenance of chromosomes at the metaphase plate cannot be due to 
the balancing of K-fiber pulling forces (Czaban et al., 1993; Spurck et al., 
1990). Moreover, early microtubule labelling studies demonstrated that K-
fibers were relatively stable with the exception of one highly dynamic focus, 
which was located proximal to the kinetochore at the microtubule plus-ends. 
Within this region, changes in microtubule polymerisation were coupled to 
kinetochore movement, with K-fiber depolymerisation associated with 
poleward (P, towards the attached pole) motion, and K-fiber polymerisation 
associated with away-from-the-pole (AP, away from the attached pole) 
!motion (Cassimeris and Salmon, 1991; Centonze and Borisy, 1991; 
Mitchison et al., 1986; Mitchison and Salmon, 1992; Shelden and 
Wadsworth, 1992; Wise et al., 1991). Thus, models of K-fibre force 
generation could not account for several experimental observations, and 
the kinetochore became the primary force-generating candidate.  
A key question remained unanswered; are chromosomes pulled and/or 
pushed to the equator? Insight into this problem came from early 
computational tracking of kinetochores, which discovered a behaviour 
termed ‘directional instability’. Here, both mono-oriented and bi-oriented 
sister-pairs would oscillate relative to their associated pole(s), suggesting 
that kinetochores existed in different force-generating states (Cassimeris et 
al., 1994; Skibbens et al., 1993). To investigate how kinetochore state was 
correlated with movement, Skibbens and colleagues used centromere 
deformation to infer whether a kinetochore was subject to a pull or push. 
They found that during P movement the centromere was frequently 
stretched poleward, while during AP movement it was flattened or indented. 
This suggested that P motion corresponded to a pull, and AP to a push or 
neutral state (Skibbens et al., 1993). In contrast, later studies showed that 
both kinetochores were on average equally stretched (Waters et al., 1996). 
Direct evidence that a pulling force mediated chromosome congression 
came from laser ablation studies. When a congressing bi-oriented 
kinetochore-pair was severed between the sisters, the P kinetochore 
continued migration toward the equator, whereas the AP kinetochore 
!stopped and switched to P motion (Khodjakov and Rieder, 1996 ). 
Moreover, when the P kinetochore was destroyed on a congressing bi-
oriented sister-pair, the chromosome stopped, paused, and the AP sister 
switched to P motion (Khodjakov and Rieder, 1996 ). Based on these 
observations, a model of congression arose where a P-kinetochore 
generated pulling force aligned chromosomes at the spindle equator 
(Khodjakov and Rieder, 1996 ; Skibbens et al., 1993; Waters et al., 1996).  
Two mechanisms were proposed for how the P-kinetochore produced a 
pulling force. The first, termed the ‘pac-man’ model, suggested that 
kinetochores catalyse the depolymerisation of K-fiber microtubules, which 
allows the pulling of chromosomes through the maintenance of attachment 
to the shortening fibre (Gorbsky et al., 1987; Mitchison et al., 1986). The 
second, termed the ‘pole-ward flux’ model, suggested that a combination of 
microtubule minus-end depolymerisation at the pole and motor driven 
microtubule sliding generated a pulling force (Mitchison, 1989). Importantly, 
an 80% reduction in flux had no effect on congression in human cells 
(Ganem et al., 2005), and chromosome velocity during alignment is faster 
than flux in several model organisms (Pereira and Maiato, 2012; Skibbens 
et al., 1993). Together, these data suggest that flux does not significantly 
contribute to congression. Moreover, work in flies showed that the ‘pac-
man’ mechanism was responsible for the poleward movement of 
chromosomes in anaphase (Brust-Mascher and Scholey, 2002; Rogers et 
al., 2004). As such, the coupling of the P-kinetochore to depolymerising 
!microtubules is thought to be the dominant force generating mechanism 
that aligns bi-oriented sister-pairs. From here, I use the term 
depolymerisation-coupled pulling (DCP) to describe this process.  
 
1.4 Molecular mechanisms of depolymerisation-coupled pulling 
 
Kinetochore movement via DCP can be thought of as a series of sequential 
events that are all essential for congression to the spindle equator. First, 
the kinetochore needs to form an end-on attachment to the plus-ends of 
spindle microtubules, and then remain stably attached as they 
depolymerise to generate force. Once migration has initiated, the 
kinetochore-pair must ensure that a polymerisation bias is sustained 
between sisters, as the K-fibers attached to the P and AP kinetochores 
must shorten and grow, respectively (Fig. 4a-c).  
 
1.4.1 Physically coupling to depolymerising microtubules 
 
A microtubule can be thought of as a store of torsional and chemical energy 
that can be harnessed to do mechanical work. Microtubule 
depolymerisation generates both structural and energetic changes at the 
plus-end that are harnessed by kinetochore components to generate force. 
In terms of structure, when the stabilising GTP cap of a growing 
microtubule is lost and the filament disassembles, individual protofilaments  
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(A) Chromosomes that form amphitelic 
attachments away from the spindle equator 
utilisedepolymerisation-coupled pulling (DCP)
to congress. During this movement,
kinetochores are described as moving 
poleward (P) if they move towards their 
attached pole (shown in red), and away-from
-the-pole (AP) if moving away from their 
attached pole (shown in dark grey). (B) The 
force required for DCP is generated by 
microtubule depolymerisation at the P 
kinetochore, which pulls the chromosome 
towards the equator. This implies that there is 
a polymerisation or depolymerisation bias 
between K-fibres that are attached to the P 
and AP kinetochores, with P K-fibres in a net
depolymerising state and AP K-fibres in a net
polymerising state. Owing to the incoherent 
nature of the K-fibre, the P kinetochore might 
selectively disengage from polymerising
microtubules using a clutch-like mechanism. 
(C) Three potential mechanisms have been 
proposed for how kinetochores grip 
depolymerising microtubules (see main text 
for details): (i) selective binding to curved 
protofilaments, a unique structural feature of 
depolymerising microtubules; (ii) biased 
diffusion along the microtubule lattice upon 
depolymerisation; and (iii) motorised 
tethering in which kinetochore-tethered 
kinesin (top) and/or dynein (bottom) step 
along the microtubule. MT, microtubule.
!are thought to peel away from the lattice in a ‘rams-horn’ like conformation 
(Simon and Salmon, 1990). Early observations from grasshopper 
spermatocytes suggested this bending could generate up to 7pN per 
kinetochore-bound microtubule, with similar values later being calculated 
from centromere stretching in yeast (Nicklas, 1988; Powers et al., 2009). In 
contrast, experimentally conjugating glass beads to tubulin polymers in vitro 
suggested this force might be significantly higher (65pN) (Grishchuk et al., 
2005). Regardless of its magnitude, this force acts in the P direction, and 
could therefore be used to pull chromosomes (Fig 4a-c). Importantly, EM 
studies in cells have subsequently identified ‘fibrils’ connecting the 
centromere to curving protofilaments, providing the first evidence that 
protofilament bending may indeed be linked to poleward kinetochore 
movement in mammalian systems (McIntosh et al., 2008). However, the 
molecular mediator(s) remains obscure. In contrast, work in yeast has 
identified the oligomeric Dam1 complex, which forms a force-coupling ring 
around microtubules in vitro (Grishchuk et al., 2008; Miranda et al., 2005; 
Umbreit et al., 2014; Westermann et al., 2005), and is required for 
microtubule attachment in vivo (Cheeseman et al., 2001; Umbreit et al., 
2014).  Despite lacking any true vertebrate homologue, the spindle and 
kinetochore associated (Ska) complex is suggested to be functionally 
analogous to Dam1, and therefore represents the best protofilament-
coupling candidate in these organisms. This idea has emerged because the 
Ska complex can track with depolymerising microtubule plus-ends in vitro, 
!and transduce this force to beads coated in the complex (Fig. 4c) (Schmidt 
et al., 2012; Welburn et al., 2009). Moreover, the Ska complex binds 
microtubules via the electrostatic interaction of several basic patches in 
Ska1 and Ska3 with regions of tubulin that are accessible in straight and 
curved lattice configurations (Abad et al., 2014; Abad et al., 2016). This 
suggests that the complex can bind both structural states, unlike the end-on 
attachment factor Ndc80, whose binding cleft is obscured by filament 
curvature (Alushin et al., 2012). In agreement, biochemical analysis 
showed that the Ska complex has an equal affinity for curved and straight 
microtubules, whereas a truncated monomeric Ndc80 specifically binds the 
latter (Schmidt et al., 2012).  Nevertheless, the function of the Ska complex 
in cells is poorly defined. While some report that small interfering (si) RNA 
depletion of any Ska subunit causes a severe congression defect, which 
was associated with reduced K-fiber stability (Chan et al., 2012; Gaitanos 
et al., 2009; Schmidt et al., 2012; Welburn et al., 2009), others reported a 
robust metaphase arrest with few misaligned kinetochore-pairs (Abad et al., 
2014; Hanisch et al., 2006; Jeyaprakash et al., 2012; Theis et al., 2009), 
which lead to the downstream failure of sister cohesion and the 
asynchronous separation of chromatids (known as cohesion fatigue) 
(Sivakumar et al., 2014; Sivakumar et al., 2016). This phenotype was 
probably misinterpreted in fixed images as the failure of congression 
(Schmidt et al., 2012; Welburn et al., 2009), and may be associated with 
the proposed role of Ska1 in PP1 recruitment to the kinetochore and 
!anaphase onset (Sivakumar et al., 2014; Sivakumar et al., 2016). It must be 
noted however, that more recent studies are far less deterministic in the 
reporting of Ska depletion phenotypes (Abad et al., 2016; Redli et al., 
2016), with pleotropic observations being attributed to inter-experimental 
variation in siRNA efficiency. Thus, a detailed analysis of kinetochore fates 
in cells depleted of Ska via multiple techniques is required to shed more 
light on the function of this complex.  
In addition to Ska, CENP-F has been proposed to function as another link 
between curved protofilaments and the centromere (Volkov et al., 2015). 
CENP-F relocates from the nuclear envelope to the kinetochore during 
mitosis (Liao H. et al., 1995), where it binds microtubules via two domains 
located at opposite ends of the protein (Volkov et al., 2015). Biochemical 
analysis suggested that these MTBDs couple the kinetochore to specific 
microtubule structures. In this regard, the N-terminal MTBD displays a 
preference for curved filaments over straight microtubules, while the C-
terminal MTBD does the opposite (Volkov et al., 2015). Nevertheless, both 
regions track depolymerising microtubule plus-ends in vitro and can 
transduce this force to beads, suggesting they may both contribute to force-
generation at end-on attached kinetochores (Volkov et al., 2015). In terms 
of mechanics, the N-terminal MTBD is likely analogous to Ska, whereas the 
C-terminal MTBD may utilize biased diffusion, as described for Ndc80 (see 
below). The function of CENP-F at end-on attached kinetochores in cells is, 
however, unclear. This is primarily due to its proposed structural roles in the 
!kinetochore, where it is implicated in the recruitment of dynein and CENP-E 
(Bomont et al., 2005; Vergnolle and Taylor, 2007; Yang et al., 2005). These 
loading dependencies may entirely account for the observed congression 
defect in CENP-F depleted cells. However, by tracking the fate of unaligned 
bi-oriented kinetochore-pairs located between the pole and metaphase 
plate, another CENP-E loading protein, CENP-Q, was shown to have an 
independent role in DCP (Bancroft et al., 2015). As such, the possibility 
exists that CENP-F directly contributes to DCP, a hypothesis that can be 
tested by following the fates of a specific kinetochore subgroup when 
depleted of the protein. 
In addition to structural modification, microtubule depolymerisation also 
creates an energy gradient away from the plus-end. Proteins that diffuse 
along microtubules can utilize this gradient to bias their diffusion along the 
lattice during filament disassembly, and therefore generate a P force. This 
is because it is more energetically favorable for these molecules to move to 
adjacent tubulin dimers, away from the dissembling plus-end, as opposed 
to detaching (Hill, 1985; Vladimirou et al., 2011) (Fig. 4c). This idea 
underpinned the ‘Hill’s sleeve’ model, a theoretical proposal of how 
kinetochores could track with dynamic microtubules (Hill, 1985). One 
molecule that may function in a manner reminiscent of a ‘Hill’s sleeve’ is the 
KMN component Ndc80/Hec1. Ndc80 binds microtubules via multiple 
positively charged regions in both its unstructured N-terminal tail and 
calponin homology (CH) domains (Alushin et al., 2012; Alushin et al., 2010; 
!Miller et al., 2008; Tooley et al., 2011). Ndc80 forms a cooperative complex 
with Nuf2, Spc24 and Spc25 at the kinetochore (the Ndc80 complex), and 
loss of this complex in all tested systems leads to the abrogation of end-on 
kinetochore-microtubule attachment (Cheeseman and Desai, 2008). This 
does not implicate Ndc80 in force generation per se, as it may act solely as 
an attachment factor. However, in vitro reconstitution of the entire complex 
on dynamic microtubules demonstrated that diffusing ensembles could 
track with depolymerising plus-ends, and that single complexes could 
‘bounce’ off the tip back to the lattice without dissociating (Powers et al., 
2009). Moreover, beads coated with physiological levels of the complex 
could persistently attach to depolymerising plus-ends and transduce force 
(Powers et al., 2009). This suggested that the Ndc80 complex has 
attachment independent functions, at least in vitro. It must be noted, 
however, that a truncated monomeric Ndc80 complex (consisting of Ndc80 
and Nuf2 microtubule binding and adjacent regions) does not display 
similar behavior (Schmidt et al., 2012). Nevertheless, vertebrate 
kinetochores contain at least nine Ndc80 complexes per kinetochore-
microtubule (Johnston et al., 2010), which can self-oligomerize into arrays 
(Alushin et al., 2010). Therefore, the possibility exists that the complex 
forms a higher order force-coupling structure that operates via biased 
diffusion at end-on attached kinetochores 
Interestingly, the protofilament binding and biased diffusion pathways are 
partially interconnected, as the Ndc80 loop region facilitates the loading of 
!the Ska complex to kinetochores (Zhang et al., 2012), and the Ska complex 
can couple monomeric Ndc80 to depolymerising plus-ends in vitro (Schmidt 
et al., 2012). Similarly, Dam1, the proposed Ska functional homologue in 
yeast, also acts as a processivity factor for Ndc80 in vitro (Lampert et al., 
2010; Tien et al., 2010). Moreover, EM analysis of purified kinetochores 
showed that Dam1 and Ndc80 physically interact, however, this appears to 
be mediated by calponin homology (CH) domains and not the loop, as 
suggested for the Ska-Ndc80 interaction (Gonen et al., 2012; Zhang et al., 
2012). Therefore, in both vertebrates and yeast, the Ndc80 complex 
appears to be upstream in this pathway, and likely forms an initial end-on 
attachment to microtubules while recruiting the Ska/Dam1 complex. 
Together, these factors then link microtubule depolymerisation to 
chromosome migration via protofilament binding and biased diffusion 
pathways, respectively. CENP-F potentially contributes to both pathways 
via the interaction of distinct MTBDs with specific regions on the tubulin 
heterodimer. Nevertheless, analysis of mutants deficient in specific 
functions will be required to truly determine if Ndc80 has an attachment 
independent role in congression.  
 
1.4.2 Coordinating microtubule dynamics 
 
The persistent migration of a bi-oriented kinetochore-pair towards the 
spindle equator suggests that a polymerisation differential exists between 
!the P and AP K-fibres (Fig 4a,b), as one microtubule bundle must shorten 
while the other elongates. Consistent with this notion, work in Xenopus 
extracts using end-binding (EB) protein 1 as a marker of microtubule 
polymerisation showed high levels of polymerisation at the AP K-fibre 
relative to the P K-fibre (Tirnauer et al., 2002). In contrast, EM analysis of 
K-fibres in Ptk1 and S2 cells demonstrated that the bundles are incoherent, 
containing microtubules in both polymerising and depolymerising states 
(VandenBeldt et al., 2006). A finding that was confirmed in recent work that 
combined kinetochore tracking with EB3 labelling in HeLa cells (Armond et 
al., 2015). As such, the P-kinetochore must prevent polymerising 
microtubules from generating an antagonistic force that could impede 
chromosome movement. Interestingly, it has been proposed that 
kinetochores exert a pushing force during bipolar spindle assembly via the 
prometaphase pathway in HeLa cells (Toso et al., 2009).  
In this model, the authors suggest that kinetochores push against the 
centrosomes via the incorporation of tubulin at K-fiber plus-ends during 
microtubule flux (Toso et al., 2009). Therefore, end-on attached 
kinetochores may indeed have force-generating states, as suggested by 
early tracking experiments (Skibbens et al., 1993). However, both 
kinetochore pushing and flux have largely been eliminated as contributors 
to the congression of bi-oriented sister-pairs (Ganem et al., 2005; 
Khodjakov and Rieder, 1996 ; Levesque and Compton, 2001), which raises 
the possibility that kinetochores may temporally switch from pushing to 
!pulling states. Such a state switch could be facilitated by two changes; (1) 
the alteration of kinetochore microtubule binding properties such that 
depolymerising filaments are specifically engaged with (Fig 4b), and (2) 
limiting microtubule polymerisation such that any pushing interactions are 
avoided. As the latter mechanism could switch the entire K-fiber into a 
depolymerising state, it would require the tight regulation of microtubule 
dynamics to account for the observed incoherent nature. In this regard, 
several plus-end tracking proteins and molecular motors are known to be 
regulators of microtubule dynamics (Cross and McAinsh, 2014; Ferreira et 
al., 2014), However, only the kinesin-8 Kif18A and kinesin-13 mitotic 
centromere-associated kinesin (MCAK) have been shown to directly affect 
the balance of microtubule dynamics within the K-fiber (Armond et al., 
2015).  
Kif18A is a highly processive plus-end directed motor that accumulates at 
the K-fibre plus-end, forming a comet-like gradient from this focus in a 
manner dependent on K-fibre length (Stumpff et al., 2008; Stumpff et al., 
2012). Early studies suggested that Kif18A depletion lead to a severe 
congression defect (Mayr et al., 2007). However, subsequent work that 
employed high-resolution kinetochore tracking revealed that these 
misaligned chromosomes are end-on attached, under tension and 
oscillating (Stumpff et al., 2008; Stumpff et al., 2012). Thus, Kif18A 
depleted kinetochores are qualitatively indistinguishable from metaphase 
kinetochores, with the exception of a broad distribution about the spindle 
!equator. This suggests that congression has been successful, and that 
these kinetochores instead have a position sensing defect (see section 
1.7). Nevertheless, it must be noted that these pseudo-metaphase 
kinetochores in Kif18A depleted cells display numerous oscillation 
abnormalities. Including an increase in velocity, (Jaqaman et al., 2010; 
Stumpff et al., 2011; Stumpff et al., 2008; Stumpff et al., 2012), a decrease 
in switching frequency, which, however, is disputed (Jaqaman et al., 2010; 
Stumpff et al., 2008), and loss of spatially controlled directional switching 
(Stumpff et al., 2012). These defects may explain the reported increase in 
polymerisation bias between AP and P kinetochores, which is proposed to 
dampen the AP resistive force that would otherwise slow the sister-pair 
(Armond et al., 2015). In agreement, Kif18A is suggested to suppress 
microtubule dynamics at the AP kinetochore and stimulate direction 
switching with in vivo (Du et al., 2010; Stumpff et al., 2008; Stumpff et al., 
2012).  
MCAK is a non-motile kinesin that functions as a microtubule depolymerase 
(Hunter et al., 2003). In vitro, MCAK can couple to, and generate tension at, 
both microtubule ends (Oguchi et al., 2011). However, no such behavior 
has been described in vivo. MCAK has been shown to localise to both the 
centromere and microtubule plus-ends, and demonstrates a bias to the P-
kinetochore during congression (Honnappa et al., 2009; Kline-Smith et al., 
2004). Abrogation of MCAK has been proposed to cause congression 
defects (Kline-Smith et al., 2004; Shrestha and Draviam, 2013). However, 
!this effect is inconsistently reported in the literature, particularly in studies 
investigating the role of MCAK in metaphase kinetochore dynamics, where 
congression appears to have completed (Armond et al., 2015; Jaqaman et 
al., 2010). At metaphase, MCAK has been shown to regulate kinetochore 
oscillation dynamics, with depleted sister-pairs displaying a decrease in 
directional coordination and a reduction in velocity (Jaqaman et al., 2010; 
Wordeman et al., 2007). This is consistent with the reported loss of 
polymerisation bias between AP and P-sisters in MCAK depleted cells, 
which implies that the K-fiber that is bound to the P kinetochore (which is 
mediating DCP) has fewer depolymerising microtubules (Armond et al., 
2015). Thus, while MCAK is required for the regulation of kinetochore 
movement during metaphase, its role in congression is currently unclear.  
Some caution is necessary here as current models of kinetochore dynamics 
are derived from the analysis of metaphase chromosomes. While many 
concepts are likely conserved, these models may not be immediately 
transferrable to congressing kinetochores. Indeed, prometaphase K-fibers 
are less stable that those in metaphase cells (Kabeche and Compton, 
2013), and the composition of unaligned and aligned kinetochores is known 
to differ (Gudimchuk et al., 2013; Kline-Smith et al., 2004; Schmidt et al., 
2010). Moreover, periods of persistent movement are considerably longer 
during congression (~2min compared to 10-60 secs in metaphase 
(Jaqaman et al., 2010; Khodjakov et al., 1999)). Therefore, a detailed 
analysis of microtubule dynamics and subunit composition at single 
!congressing kinetochores, with emphasis on differentiating AP and P 
states, is required to fully decipher the mechanics that underpin DCP.   
 
1.5 Congression in the absence of end-on pulling 
 
1.5.1 Lateral sliding 
 
The formation a bi-oriented attachment was originally thought to be an 
essential prerequisite for congression. On the contrary, congression can 
also occur before bi-orientation, via the motor dependent sliding of 
kinetochores along the microtubule sidewall (Fig 5). Chromosomes that are 
located in the spindle periphery following NEB initially migrate to their 
proximal pole prior to ejection towards the spindle equator. This movement 
is driven by the kinetochore-bound dynein, a minus-end directed motor that 
steps towards the pole (Barisic et al., 2014; Li et al., 2007; Savoian et al., 
2000; Yang et al., 2007) (Fig. 5, Step 1). Subsequent equatorially directed 
motion is driven CENP-E, a high processive plus-end directed motor that is 
enriched at polar chromosomes (Gudimchuk et al., 2013; Kapoor et al., 
2006; Kim et al., 2008; Wood et al., 1997) (Fig. 5, Steps 2 and 3). The 
lateral sliding of chromosomes was first demonstrated in a study that used 
single kinetochore tracking and correlative EM to analyse the behaviour 
and attachment state of congressing sister-pairs in PtK1 cells. Here, 
kinetochore-pairs were observed to glide toward the spindle equator  
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Figure 5: Congression of laterall attached kinetochores
Congression can take place prior to bi-orientation, mediated by the motor proteins
dynein and CENP-E. These motors form lateral attachments with the microtubule 
lattice, and walk along the microtubule toward the minus-end (dynein, steps 1 and 2)
or plus-end (CENP-E, steps 3 and 4). HSET has also been implicated in minusend-
directed polewards movement, however the mechanism remains unknown. These 
migratory events contribute to distinct steps of congression, with chromosomes first 
being moved polewards by dynein (steps 1 and 2), before being ejected towards the 
equator by CENP-E (steps 3 and 4). Motor driven congression often fails to maintain
chromosomes at the spindle equator, and as such, these lateral attachments are 
converted into the default end-on attachment state during the formation of the 
metaphase plate (step 5). MT, microtubule.
!alongside the mature K-fibre of an aligned bi-oriented chromosome, a 
movement that was facilitated by a force-generating lateral interaction 
between the P-kinetochore and K-fibre (Kapoor et al., 2006) (Fig. 5, Chr 2). 
This behaviour was abolished by CENP-E depletion, establishing that 
CENP-E drives a bi-orientation independent congression mechanism 
(Kapoor et al., 2006). Further validation of this model came from studies 
that specifically enriched for the lateral sliding pathway. Here, DCP was 
prevented by abrogating end-on attachment with depletion of the Ndc80 
complex component Nuf2 (Cai et al., 2009). Remarkably, CENP-E 
mediated lateral sliding could align all chromosomes in 50% of cells when 
the minus-end directed motor HSET was also depleted (Cai et al., 2009). 
Similar observations were made when the major end-on attachment factor 
Ndc80 was codepleted with MCAK (Iemura and Tanaka, 2015). 
Interestingly, these studies highlighted that MCAK and HSET depletion 
could suppress an unknown P force, and allow for CENP-E mediated 
congression in the absence of end-on attachment, but how? The current 
idea is that this effect is indirect, as HSET and MCAK both negatively 
regulate the stability of microtubules required for CENP-E sliding toward the 
equator (Iemura and Tanaka, 2015).  
Somewhat unexpectedly, CENP-E has been implicated in the DCP 
mechanism in vivo. In an experiment designed to simulate DCP, where 
end-on attached sisters are transported by depolymerising astral 
microtubules (in response to nocodazole) towards a monopole, CENP-E 
!inhibition was found to perturb microtubule tracking (Gudimchuk et al., 
2013). Moreover, CENP-E was shown to track with polymerising and 
depolymerising microtubules in vitro, and can transduce the force from 
filament disassembly to beads (Gudimchuk et al., 2013). Together, these 
data provided compelling evidence that the motor contributes to DCP (Fig 
3c). However, 80% of bi-oriented kinetochore pairs in a bipolar spindle 
successfully congressed when depleted of CENP-E (Bancroft et al., 2015), 
and CENP-E is not required for the oscillation of aligned sister-pairs 
(Jaqaman et al., 2010). Nevertheless, microtubule dynamics at aligned 
kinetochore-pairs are perturbed when CENP-E is inhibited or depleted 
(Maffini et al., 2009). It must be noted that CENP-E is significantly reduced 
at aligned sisters when compared to polar kinetochores. As such, the 
primary function of CENP-E appears to be as a lateral sliding mediator that 
congresses peripheral chromosomes (Barisic et al., 2014).  
 
1.5.2 The polar ejection force 
 
The existence of a polar ejection force (PEF) was proposed by Darlington in 
1937. This idea formed the basis of his ‘polar repulsion’ model of 
congression (Darlington, 1937), which stated that centromeres are repelled 
from the poles with a force inversely proportional to their proximity 
(Darlington, 1937). While failing to account for congression (Levesque and 
Compton, 2001), the existence of the PEF was later demonstrated by laser 
!cutting experiments (Rieder et al., 1986). Here, an acentric chromosome 
fragment was shown to be actively transported away from its proximal pole 
(Rieder et al., 1986). This behaviour was abolished by the addition of 
nocodazole, suggesting that microtubules were critical for PEF generation 
(Ault et al., 1991). Importantly, these studies also showed that the PEF was 
exerted along chromosomes arms, as oppose to the centromere as 
originally predicted (Darlington, 1937). Consistent with this, both in vivo and 
in vitro suites later showed that plus-end directed chromosome arm 
associated kinesins (chromokinesins) Kif4a and Kid create the PEF 
(Antonio et al., 2000; Bieling et al., 2010; Brouhard and Hunt, 2005; 
Funabiki and Murray, 2000; Levesque and Compton, 2001; Yajima et al., 
2003). Thus, the PEF is an AP force generated by the plus-end directed 
walking of chromatin-tethered kinesin along microtubules. As microtubule 
concentration is proportional to proximity to the pole, the strength of the 
PEF is inversely proportional to distance from the pole (Cane et al., 2013). 
In terms of congression, the individual depletion of Kif4a or Kid has little 
effect. In contrast, their co-depletion results in significant alignment defects, 
suggesting these motors may have independent and/or coordinated 
functions (Wandke et al., 2012). In this regard, Kid, the principal PEF 
generator, is dispensable for chromosome alignment, but has a role in the 
control of aligned kinetochore dynamics and kinetochore position sensing 
(Levesque and Compton, 2001; Stumpff et al., 2012; Wandke et al., 2012). 
With respect to the former, Kid depletion decreases the velocity of, and 
!increases the rate of directional switching at, aligned kinetochore-pairs. In 
contrast, the function of Kif4a is less well characterised.  It has been 
suggested to antagonise Kid by reducing microtubule dynamicity in early 
mitosis via the suppression of polymerisation, a finding that suggests it may 
have a PEF independent function (Wandke et al., 2012). Indeed, this may 
involve the regulation of antiparallel microtubule overlaps, a well 
documented function of Kif4a in cytokinesis (Nunes Bastos et al., 2013). 
Nevertheless, several studies have implicated Kif4a and kinesin-4 motors in 
PEF generation, although more work is necessary to tease out the specific 
contribution (Antonio et al., 2000; Bieling et al., 2010; Brouhard and Hunt, 
2005; Funabiki and Murray, 2000; Levesque and Compton, 2001; Yajima et 
al., 2003).  
 
1.6 Coupling congression with position sensing in the spindle 
 
How do kinetochores sense their position in the spindle and feedback this 
information to regulate force-generating mechanisms? Early ideas focused 
on coordinated kinetochore states in response to tension; however, such a 
model failed to consider any integration of spatial information and 
kinetochore behaviour during congression could be recapitulated with no 
external modulation of behaviour (Khodjakov et al., 1999), i.e. congression 
could be achieved with no kinetochore mediated position-sensing. 
Nevertheless, several other asymmetric cues exist that could bias both 
!DCP and lateral sliding mechanisms toward the equator (Fig 6). One such 
mechanism is the opposing regulation of microtubule dynamics at bi-
oriented kinetochore pairs by the motor proteins MCAK and Kif18A (see 
section 1.5.2). Here, MCAK accumulates at the P-kinetochore (Kline-Smith 
et al., 2004), enhancing microtubule depolymerisation at this force 
generating interface, which causes chromosomes to move at an increased 
velocity toward the equator (Jaqaman et al., 2010) (Fig 6a). Once at the 
metaphase plate, MCAK in unloaded from this region and accumulates in 
the inner-centromere (Kline-Smith et al., 2004), where it generates a 
symmetrical P-force that favours positional equilibrium.  Simultaneously, the 
length dependent accumulation of Kif18A at the AP attached K-fibre 
promotes an AP-to-P state switch at chromosomes moving away from the 
equator (Fig 6b) (Stumpff et al., 2012). Mechanistically, the high Kif18A 
concentration at the AP K-fibre acts to suppress microtubule dynamics until 
the GTP cap is eventually compromised, which leads to microtubule 
depolymerisation and directional switching.  Once aligned at the equator, 
the Kif18A concentration gradient at each sister is roughly identical, 
favouring the maintenance of position via quasi-periodic oscillation. Thus, 
Kif18A senses K-fiber length whilst MCAK senses kinetochore position. 
Recently, the importance of this Kif18A positioning mechanism and the 
requirement for chromosome congression have been questioned 
(Czechanski et al., 2015). Here, mouse embryonic fibroblasts (MEF) 
derived from animals homozygous for a Kif18A motor domain mutation 
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(A) Role of MACK in biased congression. At aligned 
kinetochore pairs (1), the microtubule depolymerase 
MCAK localises to the inner-centromere. In contrast, 
at unaligned kinetochore pairs undergoing congression
(2) MCAK displays a bias to the P kinetochore, 
suggesting that it might augment the DCP-mediated 
drive force and enhance migration towards the spindle
equator. (B) Kif18A forms a concentration gradient 
along the K-fibre (illustrated by the brown ‘cloud’) 
and accumulates at the outer-kinetochore. Here, it 
acts to suppress microtubule dynamics and 
promote directional switching. At aligned kinetochore
pairs, its concentration is comparable between sisters 
and so it promotes maintenance of this position (1); 
however, at unaligned kinetochore pairs, Kif18A 
promotes switching of the AP kinetochore into a P 
state, resulting in its migration towards the spindle 
equator (2). (C) The PEF is generated by plus-end-
directed kinesins that are associated with chromosome 
arms (for instance Kid), which interact with spindle 
microtubules and walk towards the spindle equator
(directionality indicated by Fslide). This force therefore
decays with increasing distance from the pole and 
reducing microtubule density. Aligned kinetochore pairs
are positioned equidistantly from either pole and 
therefore experience a more symmetrical PEF (1). 
Unaligned kinetochore pairs, however, experience an 
increase in PEF as they move towards a pole, which 
increases kinetochore tension and promotes their 
directional switching towards the equator (2). 
MT, microtubule.
!(Kif18Agcd2) successfully progressed through mitosis, entering anaphase 
with seemingly unaligned chromosomes (Czechanski et al., 2015). 
However, as previously mentioned, kinetochore tracking experiments have 
revealed that sister-pairs form bioriented attachments and oscillate with 
perturbed dynamics about the spindle equator in Kif18A depleted cells 
(Stumpff et al., 2008). This leads to the formation of a broad ‘pseudo-
metaphase plate’, and suggests that congression has completed. Further 
work is needed to determine the impact of this pseudo-plate affects the 
fidelity of mitosis in this cell type, as it is known to be highly detrimental in 
HeLa cells (Czechanski et al., 2015).  
An alternative idea is that chemical gradients throughout the spindle guide 
chromosome movement. In this regard, Plk1 and RanGTP concentration 
gradients have been shown to control spindle position (Kiyomitsu and 
Cheeseman, 2012), and Aurora A forms a gradient from the pole that is 
required for attachment error correction (Ye et al., 2015). Abrogation of the 
RanGTP gradient that forms around aligned chromosomes using a 
dominant negative RanT24N mutant had no effect on congression (Barisic 
et al., 2015). In contrast, polar Aurora A is suggested to bias the lateral 
sliding of chromosomes toward the equator via direct regulation of CENP-E 
(Kim et al, 2010). Here, the phosphorylation of CENP-E at the pole is 
proposed to abrogate its interaction with PP1, a factor that is required for 
stable CENP-E-microtubule binding. This is suggested to bias congression 
toward the equator as the PP1 deficient phospho-CENP-E only efficiently 
!walks on stabilised K-fibre microtubules that are oriented toward the 
equator (Kim et al., 2010). It must be noted, however, that while CENP-E 
mediated congression requires some form of stabilised microtubules, it is 
not dependent upon K-fibres (Cai et al., 2009; Iemura and Tanaka, 2015), 
and a new model of directionality based on the ‘tubulin code’ has been 
proposed (see below) (Barisic et al., 2015).  
As already discussed, the PEF, a decaying AP force field that emanates 
from each aster, is symmetrical about the spindle equator and could 
therefore bias chromosome migration toward this region (Cane et al., 
2013). The principal PEF generator, Kid, has been shown to induce a 
position dependent increase in tension at kinetochores approaching the 
pole, which promotes directional switching (Fig. 6c) (Stumpff et al., 2012). 
However, its depletion has no effect on congression (Levesque and 
Compton, 2001), probably because Kif18A mediates the dominant position 
sensing mechanism and can compensate for its loss (Stumpff et al., 2012).  
Recently, the ‘tubulin code’ has been suggested to bias CENP-E stepping 
toward the equator, and therefore impose directionality on the lateral sliding 
mechanism (Barisic et al., 2015). Here, Barisic and colleagues found that 
microtubules oriented toward the equator are enriched with detyrosinated 
tubulin. Abrogation of this modification resulted in aberrant chromosome 
movements that were dependent upon CENP-E. Moreover, in vitro, CENP-
E was observed to be more processive and to carry higher loads on 
detyrosinated microtubules. As such, the authors proposed a model where 
!CENP-E transports pole proximal chromosomes preferentially on 
detyrosinated microtubule tracks, which are orientated toward the spindle 
equator (Barisic et al., 2015).   
 
1.7 Coupling congression with attachment regulation and 
signalling 
 
1.7.1 Correcting erroneous kinetochore-microtubule attachments 
 
Despite geometric constraints favouring sister-kinetochores forming bi-
oriented attachments (Cimini et al., 2003; Loncarek et al., 2007), errors in 
microtubule attachment are frequenting during prometaphase (Ault and 
Rieder, 1992). If left uncorrected, these errors would lead to segregation 
defects (Cimini et al., 2001). As such, kinetochores employ a correction 
mechanism that selectively destabilises erroneous attachments while 
promoting bi-orientation, ensuring that all kinetochores are in an anaphase 
compatible configuration prior to segregation.  The current model, termed 
the “spatial separation” model, dictates that attachment stability is directly 
dependent upon tension across the centromere. This is based on classic 
observations in grasshopper spermatocytes, which showed that the 
normally unstable unipolar attachments could be stabilised by the 
application of tension (Nicklas and Koch, 1969).  In molecular terms, 
insights into this pathway came from increase-in-ploidy screens (Ipl) in 
!yeast, which identified the kinase Ipl1 (Chan and Botstein, 1993). Critically, 
it was demonstrated that Ipl1 promoted attachment turnover in the absence 
of tension (Tanaka et al., 2002). The vertebrate homologue of Ipl1 is Aurora 
B, a ser/thr kinase that is a member of the CPC located at the inner-
centromere (see appendix 1 for a structural description of the CPC) (Adams 
et al., 2000). In agreement with models of Ipl1, small molecule inhibition of 
Aurora B leads to the stabilisation of incorrect attachments, which are 
subsequently corrected upon inhibitor washout (Hauf et al., 2003; Lampson 
et al., 2004). Given the centromeric localisation of Aurora B, it was 
suggested that substrate proximity to the kinase was critical for attachment 
correction, and this was related to the tension. Indeed, the formation of a bi-
oriented attachment is thought to exert enough tension to physically 
separate Aurora B from its substrates in the outer-kinetochore. As 
erroneous attachments fail to generate sufficient tension, these substrates 
are in close proximity to the kinase and can therefore be phosphorylated 
(Andrews et al., 2004; Cimini et al., 2006; Tanaka et al., 2002). This idea is 
supported by two key lines of experimental evidence; (1) A FRET based 
biosensor that reports Aurora B phosphorylation is constitutively 
phosphorylated when positioned close to the centromere, irrespectively of 
tension, however, if positioned at the outer-kinetochore it is 
dephosphorylated when under tension (Welburn et al., 2010). It must be 
noted that similar behaviour is observed for endogenous Aurora B 
substrates (Welburn et al., 2010). (2) By artificially positioning Aurora B 
!closer to the outer-kinetochore, and therefore forcing constitutive 
phosphorylation within this region, microtubule attachments can be 
destabilised in a tension independent manner (Liu et al., 2009). A key 
prediction of this model is that Aurora B phosphorylation of outer-
kinetochore proteins must alter their microtubule affinity, which in turn 
allows for the correction of erroneous attachments. Indeed, experimental 
evidence suggests that this is achieved via two mechanisms. First, by 
negatively regulating microtubule binding regions within the kinetochore. 
Specifically, this involves the phosphorylation of key attachment proteins 
Ndc80 and Knl1, which antagonises their electrostatic interaction with 
tubulin and therefore decreases microtubule affinity (Cheeseman et al., 
2006; Ciferri et al., 2008; Guimaraes et al., 2008; Miller et al., 2008; 
Welburn et al., 2010; Zaytsev et al., 2015). Second, by regulating the 
composition of the kinetochore. In this regard, Aurora B phosphorylation of 
the microtubule binding Ska and ASTRIN/SKAP complexes antagonises 
their recruitment (Chan et al., 2012; Schmidt et al., 2010). Thus, Aurora B 
targets a myriad of microtubule binding proteins, which causes a global 
reduction in microtubule affinity at low-tension kinetochores.  
The spatial separation model is not, however, without caveats. At low-
tension kinetochores, the N-terminus of Ndc80, which contains the principal 
error correction target site, is >100nm from Aurora B (Smith et al., 2016). 
Therefore it is unclear how the kinase physically interacts with this 
substrate. One idea is that an active pool of Aurora B diffuses from the 
!centromere. This is based on findings that show the activation of Aurora B 
by INCENP occurs in trans, and this concentrates active kinase at the 
centromere (Bishop and Schumacher, 2002; Honda et al., 2003; Kelly et 
al., 2007; Sessa et al., 2005). This pool then turns over with a t1/2 of ~50s 
(Ahonen et al., 2009; Murata-Hori and Wang, 2002), releasing active kinase 
that diffuses away from the centromere that is eventually deactivated by 
cytoplasmic phosphatases (Kelly et al., 2007). Thus generating a phospho-
gradient. However, it is still unclear if a soluble pool of diffusing kinase can 
act on this length scale. Moreover, while syntelically attached kinetochores 
(both sisters bound to the same pole) fail to generate tension, merotelic 
attachments (one sister in a bi-oriented pair bound to both poles; see Fig 3) 
are under tension (Gregan et al., 2011) and are therefore invisible to the 
correction machinery. Aurora B is required for the correction of merotelic 
attachments, as its inhibition leads to an increase in these errors (Cimini et 
al., 2006; Knowlton et al., 2006), however, the mechanism of correction is 
less clear. It has been suggested that the merotelically attached sister is 
deformed, with the second (incorrect) attachment site projecting towards 
the inner-centromere (Cimini et al., 2004). This could bring it in close 
proximity to Aurora B, leading to its destabilisation.  Moreover, the CPC has 
been shown to enrich at merotelically attached sister-pairs (Knowlton et al., 
2006), suggesting there may be an additional detection mechanism that 
acts upstream of Aurora B that concentrates it at these errors. Indeed, 
sister-separation in response to tension cannot be the only regulatory 
!mechanism, an idea that is supported by several observations; (1) 
metaphase kinetochores display a phenomenon termed ‘breathing’, where 
the inter-sister separation oscillates (Jaqaman et al., 2010). During this 
oscillation, there are periods of low tension that are comparable to 
unattached or erroneously attached kinetochore-pairs. Importantly however, 
the bi-oriented sister-pair at low tension does not appear to activate error 
correction. (2) Metaphase kinetochores treated with taxol (to induce 
centromeric relaxation) do not display a significant increase in outer-
kinetochore phosphorylation by Aurora B (DeLuca et al., 2011), and (3) the 
level of Ndc80 dephosphorylation between prometaphase and metaphase 
cannot be explained by changes in intra-kinetochore distance. As moving 
Ndc80 significantly further from Aurora B via the induction of kinetochore 
‘hyper-stretch’ has little effect on its phosphorylation state (Suzuki et al., 
2014). Therefore, once a bi-oriented attachment has formed, the dynamics 
of outer-kinetochore phosphorylation, and the tension independent 
maintenance of attachment, cannot be explained by changes in subunit 
separation at the inter- or intra-kinetochore level. This suggests that error 
correction is antagonised or abrogated after bi-orientation by a biochemical 
event. This may involve Knl1 mediated recruitment of PP1 (DeLuca et al., 
2011; Liu et al., 2010), which creates a stabilising region of 
dephosphorylation within the outer-kinetochore. Therefore, while tension is 
contributory to correction, particularly at syntelic attachments, additional 
molecular signals must be involved in the correction and communication of 
!attachment status. In this regard, a recent study has shown that Aurora A, 
which is concentrated at the poles, contributes to error correction by 
phosphorylating Ndc80 at identical sites to Aurora B. This counteracts the 
stabilising effect of the PEF within this region, which could otherwise 
promote erroneous attachment (Ye et al., 2015). While this contributes to 
the knowledge of correction mediators, work focusing on precise molecular 
alterations induced by bi-orientation is needed to describe how error 
correction is regulated independently of spatial separation.  
 
1.7.2 The spindle assembly checkpoint  
 
The accurate transmission of genetic material between cellular generations 
is absolutely dependent upon kinetochore-pairs forming bi-oriented 
attachments prior to anaphase. As described above, one mechanism to 
promote bi-orientation is Aurora B mediated error correction, which 
destabilises erroneous attachments in response to a lack of tension. A 
second mechanism is a signalling cascade termed the spindle assembly 
checkpoint (SAC), which senses kinetochore attachment status and directly 
inhibits anaphase until all sister-pairs are in a bi-oriented state. The major 
SAC effectors, budding uninhibited by benzimidazole (Bub1, Bub2 and 
Bub3) and mitotic arrest deficient (Mad1, Mad2 and Mad3) proteins were 
originally identified in yeast screens (Hoyt et al., 1991; Li and Murray, 
1991). Early models suggested that these mediators generated a switch-
!like SAC signal, as a single unattached kinetochore could delay anaphase 
(Rieder et al., 1995). However, later work showed that the duration of the 
cell cycle delay could be influenced by the size of the defect (Rieder and 
Maiato, 2004; Weaver, 2003). As such, the SAC can be thought of as a 
graded signal, with more severe defects eliciting a stronger response 
(Collin et al., 2013; Dick and Gerlich, 2013). The SAC delays mitotic 
progression by generating a soluble ‘wait-anaphase’ signal, whose 
biological manifestation is the mitotic checkpoint complex (MCC), 
consisting of cell division control (Cdc) protein 20, Mad2, Bub1-related 
protein (BubR1) and Bub3 (Sudakin, 2001). The MCC inhibits the anaphase 
promoting complex / cyclosome (APC/C), an E3 ubiquitin ligase bound to is 
cofactor Cdc20, through direct inactivation of Cdc20. The APC/C triggers 
anaphase onset and mitotic exit by targeting two key proteins for 
degradation; (1) securin, which protects sister-chromatid cohesin from 
proteolytic cleavage, and (2) cyclin B, the mitotic cyclin dependent kinase 
(Cdk) 1 cofactor (Oliveira et al., 2010). Thus, the primary aim of an 
unattached kinetochore is to generate MCC, and therefore halt mitosis in 
prometaphase/metaphase. This is achieved by catalysing a key step in 
MCC formation (Howell et al., 2000; Howell et al., 2004; Shah et al., 2004); 
the conformational activation of soluble Mad2 from a free ‘open’ form (O-
Mad2) to a Cdc20 bound ‘closed’ form (C-Mad2) (Luo and Yu, 2008). This 
catalysis is mediated kinetochore tethered C-Mad2 (Luo and Yu, 2008), 
whose loading is dependent upon Mad1. Therefore, a vital step in SAC 
!signalling is the loading of Mad1:C-Mad2 to kinetochores.  A process that 
involves a complex, phospho-dependent cascade that begins with the 
conserved kinases Aurora B and Mps1, and is followed by the recruitment 
of the Bub1:Bub3 and BubR1:Bub3 complexes, then finally kinetochore 
association of Mad1:Mad2 heterotetramers (Chen, 2002; Howell et al., 
2004; Kiyomitsu et al., 2007; London and Biggins, 2014a; London et al., 
2012; Sharp-Baker and Chen, 2001; Shepperd et al., 2012; Yamagishi et 
al., 2012). Here, Mps1 is recruited to the kinetochore via direct interaction 
with Ndc80 CH domains (Dou et al., 2015; Hiruma et al., 2015; Kemmler et 
al., 2009; Zhejian et al., 2015; Zhu et al., 2013). The Ndc80 docked Mps1 
then phosphorylates Knl1 at several MELT (Met-Glu-Leu-Thr) motifs, which 
targets Bub1 to the kinetochore (London et al., 2012; Shepperd et al., 2012; 
Yamagishi et al., 2012). Both Bub3, and the BubR1:Bub3 complex do not 
demonstrate sufficient affinity to phospho-MELTs (pMELTs) for this 
interaction alone to facilitate their recruitment (Overlack et al., 2015; 
Primorac et al., 2013; Zhang et al., 2015). Therefore, in addition to the 
pMELT interaction, Bub1 directly binds with Bub3 (forming the Bub1:Bub3 
complex) and with BubR1 via a GLEBS domain to enable their loading 
(Overlack et al., 2015; Primorac et al., 2013; Sharp-Baker and Chen, 2001). 
The kinetochore association of Bub1 and BubR1 is also enhanced in a 
pMELT independent way, via interaction with KI motifs in Knl1 (Krenn et al., 
2014; Krenn et al., 2012). While not essential for their localisation, this 
interaction is proposed to act as a sensitised switch that recruits enough 
!Bub protein to generate a SAC signal, while preventing BubR1 mediated 
stabilisation of microtubule attachment. This may function to maximise a 
kinetochores ability to simultaneously signal the SAC and correct 
attachment errors (London and Biggins, 2014b).  
Despite Bub1:Bub3 loading to kinetochores being required for checkpoint 
activity, its localisation does not necessarily correlate with SAC activity. 
Indeed, some Bub1 is retained at anaphase kinetochores (Howell et al., 
2004; Sharp-Baker and Chen, 2001), albeit at a reduced level when 
compared to prometaphase. In contrast, the association of Mad1:Mad2 
heterotetramers strictly correlates with SAC signalling. A relationship that 
was demonstrated by artificially tethering Mad1 to kinetochores, which led 
to constitutive SAC activation (Kuijt et al., 2014; Maldonado and Kapoor, 
2011). The recruitment of Mad1 in human kinetochores is dependent upon 
two independent pathways. This first involves Bub1, which interacts with an 
RLK motif in Mad1. This pathway is solely required for Mad1 recruitment in 
budding yeast and C. elegans (London and Biggins, 2014a; Moyle et al., 
2014). However, an RLK mutant that abrogated Mad1 loading in these 
model organisms, only reduced kinetochore Mad1 levels by ~50% in HeLa 
cells (Kim et al., 2012). Moreover, Knl1 depletion in RPE1 and HeLa cells 
had no effect on an unattached kinetochores ability to generate a 
checkpoint signal, despite Bub1 being absent (Silio et al., 2015). Therefore, 
a Knl1-Bub independent pathway for Mad1 loading must operate at these 
kinetochores. In this regard, the RZZ complex has been implicated in the 
!recruitment Mad1:Mad2 to unattached kinetochores (Silio et al., 2015), a 
process that may be dependent upon the direct interaction of spindly with 
Mad1 (Yamamoto et al., 2008). Thus, human kinetochores possess two 
independent routes for Mad1:Mad2 kinetochore recruitment.  
Once a stable end-on attachment has formed, the checkpoint must be 
silenced to enable mitotic progression. Current models suggest that this is 
achieved by unloading Mad1:Mad2 from the kinetochore, which halts 
cytoplasmic Mad2 conversation and therefore abrogates MCC formation. 
This is achieved by two mechanisms: (1) kinetochore tethered dynein strips 
Mad1:Mad2 and BubR1 upon microtubule binding (Gassmann et al., 2010; 
Howell, 2001), and (2) Knl1 bound PP1 antagonises key SAC 
phosphorylation events, which leads to the dissociation of Bub1:Bub3 from 
the kinetochore (London et al., 2012; Meadows et al., 2011; Pinsky et al., 
2009; Rosenberg et al., 2011; Vanoosthuyse and Hardwick, 2009; Zhang et 
al., 2014), thereby silencing the checkpoint upstream of Mad1:Mad2.   
 
1.8 Integrating the current models of chromosome congression 
 
While recent work has begun to decipher the mechanistic details of 
individual congression pathways, how these are integrated throughout the 
spindle during prometaphase is still poorly understood. Below, we set out a 
working model of congression based on the advances discussed above 
(Fig 7). Immediately following NEB, chromosomes pre-positioned at the  
Figure 7: An integrated model of chromosome congression
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After nuclear envelope breakdown, chromosomes can be positioned throughout the 
cytoplasm and the nascent spindle, resulting in the formation of various microtubule 
attachments (1 to 7). Chromosomes at the spindle equator instantaneously biorientate,
and do not require congression (1). Chromosomes that are positioned behind the pole 
or in the spindle periphery first move poleward through the action of dynein (D-slide) 
(2 and 3), or by DCP if a monoorientated attachment has formed (4 and 5). Within the 
polar region, an MCAK-dependent pathway operates to actively convert lateral 
attachments into monoorientated ones. Once at the pole, lateral (2) and monoorientated 
or lateral (6) chromosomes are transported to the spindle equator by CENP-E sliding 
(E-slide). This pathway often fails to maintain chromosomes at the metaphase plate and
is not compatible with anaphase – as such, these chromosomes are converted into the 
default amphitelic state at the equator by PP1-mediated dephosphorylation of CENP-E 
(1). Pole-proximal chromosomes within the spindle can also bi-orientate and congress by
DCP (7). These kinetochores are subject to the spatial control mechanisms outlined in 
Fig. 5 and Barisic et al. (2015).
!equator by the polar ejection force instantaneously form bi-oriented 
attachments (step 1, Fig 7) (Barisic et al., 2014; Magidson et al., 2011). The 
remaining chromosomes are distributed throughout the spindle, and interact 
with microtubules in a myriad of conformations (steps 2-7, Fig 7). Any 
erroneous attachments (merotelic/syntelic attachments) are immediately 
destabilised by Aurora B mediated phosphorylation of outer-kinetochore 
proteins, rendering the sister-pair unattached (Lampson and Cheeseman, 
2011). Now, spindle position dictates how chromosomes are moved to the 
equator. Those positioned in the spindle periphery are first moved toward 
their proximal pole via either dynein mediated sliding (steps 2 & 3, Fig. 7) 
(Barisic et al., 2014; Li et al., 2007; Yang et al., 2007), or DCP if a 
monoorientated attachment has formed (steps 4 & 5, Fig. 7) (Bancroft et 
al., 2015).  Here, both mechanisms overcome an AP force generated by 
the PEF and CENP-E, suggesting that dynein and DCP are dominant within 
this region (steps 3 – 5, Fig. 7) (Bancroft et al., 2015; Barisic et al., 2014). 
Moreover, lateral kinetochore-microtubule attachments are actively 
converted to an end-on state about the pole, a process that depends on 
CENP-E and MCAK in mammalian cells (Shrestha and Draviam, 2013), 
and Dynein in C. elegans (Cheerambathur et al., 2013) (step 3, Fig. 7).  In 
summary, the initial poleward transport yields a population of laterally 
attached or monoorientated kinetochore pairs in close proximity to the pole. 
From here, laterally attached sister-pairs migrate toward the equator via 
CENP-E mediated sliding (steps 2 & 6, Fig. 7) (Barisic et al., 2014; Kapoor 
!et al., 2006), a process that is guided by microtubule detyrosination and 
Aurora A phosphorylation of CENP-E (Barisic et al., 2015; Kim et al., 2010). 
As lateral attachments are not compatible with anaphase, these are actively 
converted to the default end-on state about the equator via PP1 recruitment 
to CENP-E (Kim et al., 2010). Finally, chromosomes that bi-orient between 
the pole and spindle equator congress via DCP (step 7, Fig. 7) (see section 
1.6 for a description of directional control). Taken together, both CENP-E-
mediated sliding and DCP move chromosomes from the pole to spindle 
equator. Here, DCP appears to be the prominent mechanism as clear 
lateral sliding events were observed in a quarter of Ptk1 cells (Kapoor et al., 
2006), and only 15-20% of congression events were CENP-E dependent in 
U2OS and HeLa cells (Bancroft et al., 2015; Barisic et al., 2014). 
Nevertheless, both mechanisms act in conjunction with the instantaneous 
biorientation of kinetochores early in mitosis to provide a robust, multi-
layered system that ensures all chromosomes congress in preparation for 
anaphase.  
 
1.9 Thesis aim 
 
 
The mechanistic contributors to DCP are currently only described in vitro. 
The function of these factors at kinetochores in cells, and how they are 
regulated is currently unknown. Here, we sought to assign precise 
contributions of kinetochore components to DCP in vivo, and determine 
how these contributions are regulated by post-translational modification.  
!Chapter 2: Materials and methods  
 
2.1 Cell culture and drug treatments 
 
HeLa-Kyoto (K) cells were grown in a humidified incubator at 37ºC and 5% 
CO2 in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) containing 
10% foetal calf serum (FCS), 100U ml-1 penicillin and 100 µg ml-1 
streptomycin. This was supplemented with 0.1 µg ml-1 puromycin 
(Invitrogen) for the maintenance of the eGFP-CENP-A cell line. The HeLa 
H2B-GFP cell line was maintained in non-selective media. The hTERT-
RPE1 eGFP-CENP-A cell line was maintained in DMEM/F-12 medium 
containing 10% fetal calf serum (FCS), 2.3 gl-1 sodium bicarbonate, 100 
U/ml penicillin and 100 μg ml-1 streptomycin.  For drug treatment 
conditions, see table 1.  
 
2.2 siRNA 
siRNA oligonucleotides (53 nM) were transfected using oligofectamine 
(Invitrogen) according to the manufacturer’s guidelines and analysed at 48 
hr. Briefly, two tubes were prepared, the first (tube 1) containing 150 µl 
Optimem (Gibco) and 4.5 µl RNA duplex, and the second (tube 2) 
containing 36 µl Optimem (Gibco) and 9.5 µl oligofectamine (Invitrogen). 
These were incubated separately for 5 min at room temperature, tube 2  
!Table 1: Drug details 
Target RNAi oligo sequence 
(5’ - 3’) All sequences + 
3’-tt 
Manufacturer Reference 
Control GGA CCU GGA GGU 
CUG CUG U 
Sigma Samora et al 2010, NCB 
Ska1 CCC GCT TAA CCT ATA 
ATC A 
Qiagen Hanisch et al 2006, EMBO 
Ska1 
pool 
CCG CUU AAC CUA 
UAA UCA A 
UAU AGU GGA AGC 
UGA CAU A 
UCA AUG GUG UUC 
CUU CGU A 
GGA CUU ACU CGU 
UAU GUU A 
Thermo-
Fischer 
Schmidt et al 2012, Dev Cell 
CENP-Q GGU CUG GCA UUA 
CUA CAG GAA GA 
Invitrogen Bancroft et al 2015, JCS 
CENP-E ACU CUU ACU GCU 
CUC CAG U 
Ambion Bancroft et al 2015, JCS 
MCAK GAU CCA ACG CAG 
UAA UGG U 
Invitrogen Cassimeris & Morabito 2004, 
Mol Biol Cell 
CENP-F AAG AGA AGA CCC 
CAA GUC AUC 
Sigma Johnson et al 2004, JCS 
Table 2: siRNA oligonucleotides 
Drug  Use Conditions Manufacturer Reference 
ZM447439 
(ZM1) 
Aurora B inhibitor 2 µM, 10 min Tocris Ditchfield et al 
2003, JCB 
MG132 Proteasome 
inhibitor 
1µM, 90 min Sigma Tsubuki et al 
1996, J. 
Biochem 
Nocodazole Microtubule 
depolymerisation 
330nM, 16 hr Tocris De Brabnder et 
al 1977, Cell 
Biol Int Rep 
Taxol Microtubule 
stabilisation 
100nM, 1 hr Sigma Wani et al 1971, 
J Am Chem Soc 
!was then added to tube 1 and incubated for a further 25 min at room 
temperature. The final mix (200 µl) was then added to cells in a 35 mm dish 
containing 1.5 ml minimal essential medium (MEM) (Gibco) at ~60% 
confluency. The media was replaced at 24 hr with 2 ml DMEM. RNAi 
oligonucleotide sequences are displayed in table 2.  
2.3 Plasmid construction 
2.3.1 Construction methodology 
The CENP-Q phospho-mutants (created by James Bancroft) were 
generated with site-directed mutagenesis using siRNA resistant CENP-Q-
eGFP (pMC308) as a template vector. To generate tagRFP-FKBP-Ska1, 
eGFP was first replaced with tagRFP in pEGFP-C1 (Clontech) using NheI 
and XhoI creating tagRFP-C1 (pMC387). FKBP12 was then inserted in the 
XhoI and HindIII restriction sites creating tagRFP-FKBP (pMC390) (all PCR 
primers, conditions and vectors can be found in table 3). Next, full length 
siRNA resistant Ska1 was ligated into pMC390 using PstI/MfeI to create 
tagRFP-FKBP-Ska1(RIP) (pMC393). Ska1 was rendered resistant to the 
Ska1 siRNA oligonucleotide using site directed mutagenesis with the primer 
pairs shown in table 4. For Ska1 loading analysis, FKBP was cut from 
pMC393 and replaced with PCR amplified tagRFP using XhoI and HindIII 
sites, creating 2xtagRFP-Ska1(RIP) (pMC463). To generate 2xtagRFP-
Ska1∆MTBD, Ska1 1-132 was amplified using PCR and cloned into 
pMC390 using PstI/MfeI sites, creating tagRFP-FKBP-Ska1∆MTBD.  
!Primer 
name 
Sequence  5’-3’’ Use Site Annealing 
temp used 
Supplier 
FKBP-
Xho1 
AATCTCGAGAT
GGGAGTGCAG
GTGGAA 
Inserting FKBP into 
tag-RFP-C1, creating 
tagRFP-FKBP 
(pMC390) 
Xho1 60°C Sigma 
FKBP-
HindIII 
TCGAAGCTTTT
CCAGTTTTAGA
AGCTC 
Inserting FKBP into 
tag-RFP-C1, creating 
tagRFP-FKBP 
(pMC390) 
HindIII 60°C Sigma 
Ska1-
PtsI 
ATTCTGCAGAT
GGCCTCGTCAG
ATCTG 
Inserting Ska1 into 
tagRFP-FKBP, 
creating tagRFP-
FKBP-Ska1 
(pMC393) 
PtsI 60°C Sigma 
Ska1-
MfeI 
CAACAATTGTC
AGGTTATAAC 
ATAACG 
Inserting Ska1 into 
tagRFP-FKBP, 
creating tagRFP-
FKBP-Ska1 
(pMC393) 
MfeI 60°C Sigma 
tagRFP-
XhoI 
ATCTCGAGATG
GTGTCTAAGGG
CGAA 
Replacing FKBP in 
pMC393 with tagRFP, 
creating 2xtagRFP-
Ska1 (pMC463) 
XhoI 68°C Sigma 
tagRFP-
HindIII 
CGAAGCTTATT 
AAGTTTGTGCC
CCAG 
Replacing FKBP in 
pMC393 with tagRFP, 
creating 2xtagRFP-
Ska1 (pMC463) 
HindIII 68°C Sigma 
Ska1∆M
TBD-
Mfe1 
TTCTGCAGATG
GCCTCGTCAGA
TCTG 
Replacing Ska1with 
Ska1∆MTBD in 
pMC393, creating 
tagRFP-FKBP-
Ska1∆MTBD 
MfeI 60°C Sigma 
Ska1∆M
TBD-
PstI 
AACAATTGTCA
TTGCTCTTTGG
GAGGCTT 
Replacing Ska1with 
Ska1∆MTBD in 
pMC393, creating 
tagRFP-FKBP-
Ska1∆MTBD 
PstI 60°C Sigma 
Table 3: PCR primers for cloning 
!The FKBP was then replaced with tagRFP as in pMC463, creating 
pMC464. 
 
Primer name Sequence 5’-
3’ 
Use Annealing 
temp  
Suppli
er 
Ska1-ProN1-FW CTTCGTACATG
AAATCCCGGTT
AACCTATAATC
AAATTAA 
Protecting Ska1 
against Hanisch 
et al siRNA, round 
1 
55°C Sigma 
Ska1-ProN1-RV TTAATTTGATT
ATAGGTTAACC
GGGATTTCATG
TACGAAG 
Protecting Ska1 
against Hanisch 
et al siRNA, round 
1 
55°C Sigma 
Ska1-ProN2-FW ATGAAATCCCG
GTTAACCTACA
ATCAAATTAAT
GATGTTA 
Protecting Ska1 
against Hanisch 
et al siRNA, round 
2 
58°C Sigma 
Ska1-ProN2-RV TAACATCATTA
ATTTGATTGTA
GGTTAACCGG
GATTTCAT 
Protecting Ska1 
against Hanisch 
et al siRNA, round 
2 
58°C Sigma 
Ska1-ProN3-FW AATCCCGGTTA
ACCTACAACCA
AATTAATGATG
TTATTAA 
Protecting Ska1 
against Hanisch 
et al siRNA, round 
3 
62°C Sigma 
Ska1-ProN3-RV TTAATAACATC
ATTAATTTGGT
TGTAGGTTAAC
CGGGATT 
Protecting Ska1 
against Hanisch 
et al siRNA, round 
3 
62°C Sigma 
Table 4: PCR primers for site directed mutagenesis 
 
 
!Primer name Sequence 5’-3’ Use  Supplier 
tagRFP-FKBP-seq AGAATCAAGGAG
GCCGACAAA 
Sequencing the FKBP 
inserted into pMC387 
Sigma 
Ska1-Seq-FW CTGACTATATCTC
CAGATTAT 
Sequencing Ska1 insertion 
into pMC390 and 
Ska1∆MTBD cloning 
Sigma 
Ska1-Seq-RV AGGGGGAGGTGT
GGGAGGTTT 
Sequencing Ska1 insertion 
into pMC390 
Sigma 
2xtagRFP-Seq TAGGTTCCTGGCC
ACAGTTTC 
Sequencing the replacement 
of FKBP in pMC393 with 
tagRFP 
Sigma 
Table 5: Primers for sequencing  
2.3.2 PCR 
For gene amplification, the following protocol was employed for all 
reactions, with only the annealing temperature varying between primer sets 
(see tables 3 & 4 for sequences and annealing temperatures). (1) Initial 
denaturation at 98°C for 30 s, (2) denaturation at 98°C for 10 s, (3) 
annealing for 30 s, (4) extension at 72°C for 20 s then return to step two for 
34 cycles, (5) final extension at 72°C for 10 min. This was modified for site-
directed mutagenesis, where samples were annealed for 50 s and 
extended for 12 min at 68°C for a total for 20 cycles. In all cases, the 
reaction mix was made of 20 ng of template DNA, 1 µM of each primer, 2 
mM dNTPs,  5µl 10X buffer (for pfu Ultra II polymerase) or 10 µl 5X buffer 
(phusion polymerase) and 1 µl of enzyme, added last.  For typical 
amplification Phusion polymerase (NEB) was used, which was replaced 
with pfu Ultra II polymerase (Agilent) for site-directed mutagenesis. 
!Amplification products were separated on a 1% agarose gel and purified 
using a QIAquick extraction kit (Qiagen). For site directed mutagenesis, the 
PCR product was incubated with Dpn1 (NEB) for 1 hr at 37°C, and directly 
transformed into bacteria.  
2.3.3 Restriction digests 
1.25 µg of DNA was digested using equal units of enzyme (total 1 µl) in a 
total reaction volume of 50 µl. This was incubated for 2 hr at 37°C.  
2.3.4 DNA ligation 
Digested DNA fragments were ligated in a 1:3 molar ratio (vector:insert) 
with 1 µl T4 DNA ligase (Invitrogen) in a total reaction volume of 10 µl. This 
was incubated for 1 hr at room temperature.  
2.3.5 Bacterial transformation 
For transformation, the entire ligation reaction volume (10 µl) or 15 µl of a 
site-directed mutagenesis reaction was incubated with 100 µl super-
competent DH5α cells on ice for 5 min. The cells were then shocked at 
42°C for 90 s and returned to ice for 5 min. For kanamycin resistant 
plasmids, 900 µl of liquid broth (LB) without selective antibiotic was added 
and the bacteria were cured for 1 hr at 37°C. After curing, the bacteria were 
pelleted by spinning at 8000 rpm for 2 min at room temperature, 
resuspended in 200 µl LB, plated on resistant agar and incubated for >16 
!hr at 37°C. For Ampicillin resistant plasmids, the curing step was skipped, 
and cells were plated directly onto selective agar after the second 
incubation on ice. Colonies were picked and amplified in 5 ml LB containing 
selective antibiotic for ~16 hr at 37°C. Plasmid DNA was prepared using a 
mini-prep kit (Qiagen).  
2.3.6 Sequencing 
All constructs were confirmed by sequencing (Source Bioscience). With 
plasmid DNA sent at 100 ng/µl, and primers at 3.2pmol/µl (primer 
sequences are shown in table 5).  
2.4 Transient transfections 
Plasmid DNA for transfection was produced using a maxi-prep kit (Qiagen) 
from 200 ml of overnight culture. Cells in a 35 mm dish at ~60% confluency 
were transfected with 1 µg of plasmid using Fugene6 (Roche) according to 
manufacturers instructions. Briefly, in a total reaction volume of 100 µl, 4 µl 
of Fugene6 was added to an appropriate volume of Optimem (Gibgo) and 
incubated for 5min at room temperature. Plasmid DNA was then added, 
and the reaction was incubated for a further 20 min at room temperature, 
after which the entire reaction was then added to cells in 1.5 ml DMEM. 
Cells were analyzed at 48 hr, with 500 µl of fresh DMEM added at 24 hr.  
2.5 siRNA rescue experiments 
For both CENP-Q and Ska1 rescue experiments, cells were grown to ~35% 
!confluency in a 35 mm dish. At this point, cells were treated either CENP-Q, 
Ska1 or control siRNA for 12 hr as in 2.2. The media was then changed to 
DMEM, and the cells transfected with 1 µg of vector DNA as in 2.3 and 
incubated for a further 48 hr.  
2.6 CRISPR Cas9 
To target Ska1 exon 1, the guide 5’ TAATTGTTCCAGATCTGACG 3’ (Ska1 
GuideA, generated using genome-enginerring.org) was cloned into the 
human codon optimized SpCas9 and chimeric guide expression plasmid 
(Addgene pX330) using Bbs1 as previously described (Ran et al., 2013). 
Cells were transfected with 1.5 µg of plasmid using Fugene6 (Roche) in 1.5 
ml DMEM as in 2.3. After 24 hr, 500 µl of fresh DMEM was added and the 
cells were grown for a further 24 hr, at which point the media was replaced 
with 2 ml of DMEM containing selective antibiotic if necessary and grown 
for another 24 hr. Cells were imaged, harvested or fixed after a total of 72 
hr transfection. For SURVEYOR analysis of guide induced indel mutation, 
HeLa K cells were harvested from a single 35mm dish after guide 
transfection for 72 hr and genomic DNA extracted using a QIAamp DNA 
blood mini kit (Qiagen). A ~1 kb fragment containing the target site was 
amplified using PCR with the following primer pair (designed using the 
CHOP CHOP tool) 5’ TTAGACCCTCCCCTTCTCTCTC 3’ and 5’ 
CGCTTTTGTCAGAACACATCTC 3’. The product was denatured, 
reannealed and digested with T7 endonuclease as previously described 
!(Ran et al., 2013), and visualized on a 2% agarose gel using a UV 
transillumintor.  
2.7 Immunofluorescence microscopy  
 
For CENP-A, Ska1, Hec1PSer55, CENP-F, Bub1, CENP-E and Plk1 
staining, cells were fixed for 10 min at room temperature with 20 mM PIPES 
pH 6.8, 10 mM EGTA, 1 mM MgCl2, 0.2% Triton X-100 and 4% 
formaldehyde (PTEMF). For anti-MCAK antibodies cells were fixed for 10 
min at -20ºC in methanol. In both cases, the cells were then washed three 
times in PBS for 5 min before blocking in 3% BSA in PBS for 30 min. Cells 
were then incubated for 1 hr with primary antibodies (see table 6 for 
antibody concentrations), and washed three times in PBS for 5 min. 
Secondary antibodies were AlexaFlour-conjugated antibodies (Invitrogen) 
used at 1/500 for 30 min. For α-tubulin staining, cells were extracted for 30 
sec in 80 mM PIPES pH 6.8, 1mM MgCl2, 4mM EGTA and 0.5% Triton X-
100 and then fixed by adding gluteraldehyde at 0.5% for 10 min.  
Gluteraldehyde autofluorescence was quenched in 0.1% NaBH4 for 7 min. 
Cells were then washed three times in PBS for 5 min, followed by blocking 
in TBS containing 0.1% Triton X-100 and 2% BSA for 10 min. Cells were 
incubated with α-tubulin primary antibody for 30 min, followed by four 5 min 
washes in TBS containing 0.1% Triton X-100 and then incubated with 647-
nm AlexaFlour-conjugated secondary antibodies (Invitrogen) in TBS 
containing 0.1% Triton X-100 and 2% BSA for 30 min. Three-dimensional 
!image stacks were acquired (75 x 0.2 µm z-sections) using an 100x oil NA 
1.4 objective on an Olympus Deltavision Elite microscope (Applied 
Precision) equipped with a DAPI, fluorescein isothioyanate (FITC), 
Rhodamine or Texas Red and Cy5 filter set, solid state light source and a 
CoolSNAP HQ2 camera (Roper Scientific). Image stacks were deconvolved 
using SoftWorx, and fluorescence-intensity measurements were made 
manually after background subtraction and normalization to the CENP-A or 
CREST signal. Staining intensity distributions were compared using a two-
sample t-test in R. 
2.8 Live-cell imaging 
To film kinetochore fates in the HeLa-K eGFP-CENP-A cell line, cells were 
seeded in fluorodishes (World Precision) and imaged in DMEM 
supplemented with 10% FCS, 100U ml-1 penicillin, 100 µg ml-1 streptomycin 
and 0.1 µg ml-1 puromycin. Detailed imaging conditions are described 
elsewhere (Jaqaman et al., 2010): Briefly, three-dimensional image stacks 
(25 x 0.5 µm z-sections) were acquired every 7.5 s using an 100x oil NA 
1.4 objective on an Olympus Deltavision Elite microscope (Applied 
Precision), equipped with a eGFP and mCherry filter set, Quad-mCherry  
 
 
 !
!Antibody Target (uniprot ID) Working 
Concentration 
Supplier 
Ms anti-CENP-
A 
Centromere protein A 
(p49450) 
1/500 Abcam 
Rb anti-Ska1 Spindle and 
kinetochore protein 1 
(Q96DB8) 
1/400 Abcam 
Rb anti-
Hec1pSer55 
Phosphorylated serine 
55 in Hec1, a member 
of the Ndc80 complex 
(Q014777) 
1/300 Thermo 
Ms anti-CENP-F Centromere protein F 
(p49457) 
1/200 Abcam 
Ms anti-Bub1 Bub1 (O43683) 1/500 Abcam 
Rb anti-CENP-E Centromere protein E 
(Q02224) 
1/1500 Meraldi lab 
Hu CREST 
antisera 
Centromere proteins 
A, B and C  
1/250 Antibodies 
Inc 
Ms anti-Plk1 Polo-like-kinase 1 
(p53350) 
1/250 Santa-Cruz 
Ms anti-α-
tubulin 
Alpha-tubulin 
(Q71u36) 
1/1000 Sigma 
Rb anti-MCAK Mitotic centromere 
associated kinesin 
(Q99661) 
1/500 Cytoskeleton 
Table 6: Primary antibodies for immunofluorescence !
dichroic mirror, solid-state light source and CoolSNAP HQ2 camera (Roper 
Scientific). The environment was tightly controlled at 37ºC and 5% CO2 
using a stage-top incubator (Tokai Hit) and a weather station (Precision 
Control). Camera pixels were binned at 1_1, giving an effective pixel size of 
!64 nm in the lateral direction. Image stacks were deconvolved using 
SoftWorx (Applied Precision) and kinetochore fates were determined 
manually. Measurements of kinetochore velocity were taken manually from 
tracks of persistent movement that lasted at least 3 time frames. To film 
kinetochore fates in the hTERT-RPE1 eGFP-CENP-A cell line, cells were 
seeded in fluorodishes (World Precision) and imaged in Leibovitz L-15 
supplemented with 10% foetal calf serum. Three-dimensional image stacks 
(25 z-sections, 0.5 µm) were acquired every 2 s for 5 min using a 100X 1.4 
NA oil objective on a confocal spinning-disk microscope (VOX Ultraview; 
PerkinElmer) equipped with a Hamamatsu ORCA-R2 camera, controlled by 
Volocity 6.0 (Perki-nElmer) running on a Windows 7 64-bit (Microsoft) PC  
 (IBM). Images were deconvolved with Huygens 4.1 (SVI) using a point 
spread function (PSF) measured from micro-bead images (using the 
Huygens 4.1 PSF distiller), and visualized in Fiji. Kinetochore fates were 
determined manually.  
 
2.9 Electron microscopy 
For correlative light electron microscopy (CLEM) experiments, HeLa-K 
eGFP-CENP-A expressing cells were imaged on gridded glass MatTek 
dishes (P35G-1.5-14-CGRD, Mat-Tek Corporation, Ashland, MA, USA) 
using a Deltavision microscope as described above. The photo-etched grid 
coordinate containing the cell of interest was recorded using brightfield 
illumination at 20x. The same cell was then relocated and live cell imaging 
!was acquired at 100x. Kinetochore pairs of interest where tracked as 
described above and once the congression event had occurred, cells were 
immediately chemically fixed in 3% glutaraldehyde, 0.5% paraformaldehyde 
and 0.1% tannic acid in 0.05 M phosphate buffer pH 7.4 for 1 h and 
processed for SBF-SEM. Here, samples were processed and images 
segmented as previously described (Nixon et al., 2016). Briefly, cells were 
post-fixed in reduced osmium (2% osmium tetroxide, 1.5% potassium 
ferrocyanide) for 1 h, incubated in 0.1% thiocarbohydrazide in dH2O for 20 
mins, followed by incubation in 2% osmium tetroxide in dH2O for 30 mins, 
before being incubated overnight in 1% uranyl acetate dH2O at 4°C. Cells 
were incubated in Walton’s lead aspartate at 60°C for 30 mins and then 
dehydrated in grade series ethanol before being infiltrated and embedded 
in EPON 812 hard premixed resin (TAAB). Once the resin had fully 
polymerized, the coverslip was removed and the cell of interest was located 
using previously acquired grid co-ordinates. The block of resin containing 
the cell of interest was then excised and mounted on to a cryo pin using 
Silver Dag (Agar Scientific). Excess resin was trimmed away with an 
Ultramicrotome (Leica Microsystems, Milton Keynes, UK) leaving a 200 µm 
x 200 µm block face. To reduce charging the block was first painted with 
silver conductive paste (TAAB), before 10 nm gold/palladium was 
evaporated onto it (Quorum Technologies, East Sussex, UK). Imaging was 
done using Gatan 3View System and Digital Micrograph software (Gatan, 
Abingdon,UK) and FEI Quanta 250 (FEI, Eindhoven, Netherlands). To 
image the whole cell including all chromosomes and visualize both 
!microtubules and kinetochores at a resolution of ~5nm in x and y and 60nm 
in z the following imaging parameters were used; 4000 x 4000 frame 
size,12 µs dwell time, 2.3 KeV, 50Pa and a magnification of 9500x. 
Kinetochores were identified in the images as electron dense regions on 
chromatin that span 2-3 z-slices (120-180nm).   
2.10 Figure preparation 
Data were visualized using either excel (Microsoft) or R. 
Immunofluorescence images were prepared using SoftWorx (Applied 
Precision), with scale bars added in Fiji. Movie stills were prepared in Fiji. 
Rendering of the electron micrographs was carried out by Nicholas Clarke 
in Imaris (Bitplane). All figures were generated using illustrator (Adobe).  
 
 
 
 
 
 
 
!Chapter 3: Congressing kinetochores require 
progressive loading of Ska complexes to prevent force 
dependent detachment   
 
3.1 Introduction 
 
As discussed in 1.3, two kinetochore properties that involve microtubule 
binding are required for congression via DCP, (1) the formation of end-on 
microtubule attachments, and (2) the tracking of depolymerising 
microtubule plus-end to generate force.  It is well established that Hec1, a 
subunit of the Ndc80 complex is the major end-on attachment factor 
(Cheeseman et al., 2006), and this is conserved across all tested 
organisms (Cheeseman and Desai, 2008). However, it remains unclear as 
to what factors are responsible for plus-end tracking, and by what 
mechanism - biased diffusion or curved protofilament binding. The Ska 
complex has been suggested to be one factor that mediates the coupling of 
end-on attached kinetochores to curving protofilaments based on in vitro 
data (Abad et al., 2014; Jeyaprakash et al., 2012; Schmidt et al., 2012; 
Welburn et al., 2009), however, convincing in vivo assessment of its role is 
lacking.  
 
!3.2: The Ska complex is required for the maintenance of bi-
orientation during congression 
 
To follow the behaviour of congressing chromosomes we imaged HeLa 
cells expressing eGFP-CENP-A at 7.5s intervals for 5min. Because 
kinetochores utilise two distinct congression mechanisms, we sought to 
sub-sample for sister-pairs utilising DCP. To do so, we employed three 
criteria; (1) the kinetochore axis (K-K axis) was no more than 45° relative to 
the local microtubule path (from here termed oriented), a geometry where 
end-on attachment to both poles is possible, (2) we only followed 
kinetochore-pairs located between the pole and spindle equator at t=0s, as 
lateral sliding is largely restricted to peripheral chromosomes (Barisic et al., 
2014), and (3) we confirmed the sister-pair was undergoing cycles of 
breathing, a characteristic of bi-orientation (Cai et al., 2009) (Fig 8a). These 
kinetochores appeared bi-oriented based on gluteraldehyde fixation and α-
tubulin staining (Fig 8b). Nevertheless, to further confirm their attachment 
state, we filmed sisters-pairs as they congressed and then fixed/processed 
the cell for serial block face scanning electron microscopy (SBF-SEM) 
(Fig8d-g). Here, both kinetochores and microtubule structures were clearly 
visible in the SBF-SEM images, allowing us to correlate the live cell and 
SEM data. Importantly, microtubule fibres terminated at both the P and AP 
kinetochores on the sister-pair that we had tracked, confirming that such 
chromosomes are congressing via DCP (Fig8d-g).  
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Figure 8: Congressing chromosomes that are oriented and breathing are bi-oriented
(a) Schematic showing the selection criteria used to sample for kinetochore pairs that are congressing via DCP. (b) 
Image of a prometaphase HeLa cell expressing eGFP-CENP-A stained with DAPI and an Ab against α-tubulin. Zoom
 boxes depict an unaligned kinetochore-pair that has formed a bi-oriented attachment. Scale bar 5µm (top) 1µm 
(bottom). (c) Measurement of 3D inter-sister distance over time for the congressing kinetochore-pair depicted in (d)
 showing that it is undergoing inter-kinetochore breathing (av=0.91µm) following attachment (seen as rise in inter
-kinetochore distance at t=15s). (d) Movie stills of an eGFP-CENP-A marked kinetochore-pair congressing to the 
metaphase plate. The cell was fixed at t=127.5 s and processed for SBF-SEM. Red and yellow arrows depict the P
 and AP kinetochores, red and yellow stars indicate the position of the kinetochore pair at t=0s, dotted blue line 
indicates the metaphase plate periphery. Scale bar 1µm. (e) A single slice (84) from an SBF-SEM stack of the cell 
displayed in (d) after fixation at t=127.5 s. Red and yellow arrows depict the P and AP kinetochores. Dotted blue line 
indicates the metaphase plate periphery. White asterisks depict the spindle poles. Scale bar 5 µm. (f) Zoom of the 
white box in (d). Here, the congressing kinetochore pair followed in (c,d) can clearly be seen with end-on microtubule 
attachment at both sisters, confirming that it is bi-oriented. White arrows indicate microtubules, red and yellow 
arrows depict the P and AP kinetochores. Scale bar 1 µm. (g) Rendered image of slices 77-100 from the SBF-SEM 
stack of the cell depicted in (d-f). 
!By tracking the behaviour of individual bi-oriented kinetochore-pairs, we 
documented three phenotypes associated with DCP, (1) successfully 
congressing to the spindle equator (74.3 ±3.3%), (2) stalling, where the 
sister-pair would persist in an immobile state (6.8 ±2.4%), and (3) ‘flipping’ 
(18.8 ±3%), where the sister-pair would initiate congression but then rotate 
through 90° relative to the spindle axis as it approached the metaphase 
plate (Fig 9a). This phenotype is distinct from the previously reported 
‘kinetochore wobbling’ by Magidson and colleagues (Magidson et al., 
2011), where laterally attached kinetochore-pairs in early prometaphase 
changed their orientation by >45° in the absence of directed motion. We 
then sought to investigate how these phenotypes differed in cells depleted 
of Ska1. We found a dramatic reduction in successful congression to the 
spindle equator (to 10.7 ±1%), which corresponded with a large increase in 
kinetochore flipping (to 70 ±3.7%; Fig 9a-d). Importantly, the flipping 
phenotype was not the consequence of a change in attachment state 
because the fraction of unaligned bi-oriented kinetochores in control and 
Ska1-depleted cells was unchanged (Fig 10a,b). 
 
To rule out siRNA off target effects, we transfected cells depleted of Ska1 
with an siRNA resistant tagRFP-FKBP-Ska1 transgene. This successfully 
rescued the flipping phenotype, with 63% (±8.5%, n=57 kinetochore pairs 
from 29 cells) of unaligned bi-oriented kinetochore-pairs now successfully 
congressing to the spindle equator (Fig 11a,b). To validate this phenotype 
independently of siRNA, we targeted the first exon of Ska1 using CRISPR  
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Figure 9: The Ska complex is required for the maintenance of bi-orientation during congression
(a) Example image sequence of a sister kinetochore-pair labelled with eGFP-CENP-A congressing to the metaphase
plate in a cell treated with control siRNA (left), or initiating congression toward the metaphase plate in a Ska1 
depleted cell, but then rotating through 90° relative to the spindle axis, a phenomenon we have termed ‘flipping’ 
(right). Red and yellow arrows indicate the P and AP kinetochores. Red and yellow stars indicate the position of the 
kinetochore pair at t=0 (control) and pre-flip (Ska1 siRNA), pink stars indicate the post-flip position of the Ska1 
depleted kinetochore-pair. Dotted blue line indicates the metaphase plate periphery. Scale bar 2 µm. (b) 
Immunofluorescence images of HeLa K cells treated with control or Ska1 siRNA and stained with DAPI and 
antibodies against CENP-A and Ska1. Scale bar 5µm. (c) Quantification of kinetochore Ska1 staining intensity in 
cells treated with either control or Ska1 siRNA. (d) Quantification of unaligned bi-oriented kinetochore-pair 
behaviour in eGFP-CENP-A expressing cells treated with control or Ska1 siRNA. Error bars ± SD.
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Figure 10: The Ska complex is not required for bi-orientation
(a) Immunofluorescence image of a prometaphase eGFP-CENP-A
expressing HeLa cell treated with Ska1 siRNA and stained with an 
antibody against α-tubulin. (b) Quantification of the proportion of 
unaligned oriented sister-pairs in a bi-oriented state in cells treated 
with either control or Ska1 siRNA. Error bar ±SD.
Figure 11: Rescue of the Ska1 depletion phenotype
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(a) Example trajectory of a congressing bi-oriented kinetochore-pair
labelled with eGFP-CENP-A  in a cell depleted of Ska1 and 
subsequently rescued with an siRNA resistant tagRFP-FKBP-Ska1 
transgene. Red and yellow arrows indicate the P and AP 
kinetochores respectively. Dotted blue line indicates the metaphase 
plate periphery. Scale bars 5 µm (top) and 1 µm (bottom). 
(b) Quantification of unaligned bi-oriented kinetochore behaviour 
during the Ska1 siRNA rescue experiment shown in a. Error bars ±SD. 
!Cas9. SURVEYOR analysis confirmed that transfection with the Ska1 
targeted Cas9 (Ska1 guideA) for 72hr induced an indel mutation at the 
desired locus (Fig 12a). Moreover, quantitative immunofluorescence 
revealed that ~20% of cells transfected with Ska1 guideA demonstrated a 
>95% reduction in Ska1 signal at kinetochores (Fig 12b-d) (n=200 
kinetochore pairs from 20 cells). In agreement with our siRNA data, 
kinetochore flipping was augmented in CRISPR treated cells (to 41% 
±5.1%, n=191 kinetochore pair from 60 cells) (Fig 12e,f). The lower rate of 
flipping observed in CRISPR treated cells compared to those treated with 
Ska1 siRNA reflects the penetrance of the two methods, as we cannot 
positively select for cells where Cas9 targeting was successful. Taken 
together, these data demonstrate that the Ska complex is required for the 
maintenance of bi-orientation during congression.    
 
3.3 Kinetochore flipping corresponds to lead sister detachment 
 
The rotation of a bi-oriented kinetochore pair through 90° relative to the 
spindle axis suggests that flipping corresponds to microtubule detachment 
at the sister-pair. To confirm this, we measured the eGFP-CENP-A based 
inter-sister distance at the two time points before and after a flip event in 
cells depleted of Ska1. This demonstrated a significant reduction in inter-
sister distance after a flip event (from 900 nm (±195 nm) before the flip to 
740nm (±190 nm), n=47 flip events from 39 cells) to a level comparable to  
Figure 12: Validation of Ska complex function using CRSPR Cas9
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(a) Inverted agarose gel image of the Ska1 SURVEYOR T7 endonuclease digest. Black box highlights
the laddering pattern indicative of indel mutation at the target locus. (b) Immunofluorescence images 
of HeLa K cells transfected with WT Cas9 or Ska1 GuideA WT Cas9 for 72 hr and stained with 
antibodies against CENP-A and Ska1. In the Ska1 GuideA WT Cas9 transfected cells, we identified 
two clear phenotypes, (1) no change in Ska1 staining intensity at kinetochores, and (2) knock-down of
Ska1. Scale bar 5µm. (c) Quantification of the proportion of cells displaying no change and knock-
down of kinetochore Ska1 staining after transfection of Ska1 GuideA WT Cas9 for 72hr. 
(d) Quantification of Ska1 kinetochore staining in HeLa K cells transfected with WT Cas9 or Ska1 
GuideA WT Cas9 and displaying a knock-down phenotype. Intensity measurements were taken 
relative to CENP-A following background subtraction (e) Example trajectory of a flipping kinetochore
pair labelled with eGFP-CENP-A in a cell treated with Ska1 GuideA WTCas9. Red and yellow 
arrows indicate the P and AP kinetochores respectively. Dotted blue line indicates the metaphase 
plate periphery. Scale bar 1 µm. (f) Quantification of unaligned bi-oriented kinetochore behaviour in 
cells treated with Ska1 GuideA WTCas9 for 72hr. Error bar ±SD.
!that measured at unattached (tensionless) kinetochores in the presence of 
the microtubule depolymerising drug nocodazole (~700nm) (Fig 13a).  
Given the proposed role of the Ska complex in DCP, where force 
generation occurs at the P kinetochore (Auckland and McAinsh, 2015), we 
sought to identify if there was a P/AP bias in the flipping kinetochore. By 
counting which kinetochore rotated around it sister, we found that 
microtubule detachment occurred at the P kinetochore in ~90% of cases 
(Fig 13b) (n=39 flip events from 37 cells). To confirm this, we followed a 
congressing kinetochore-pair depleted of Ska1, and when a flip initiated, 
flowed in gluteraldehyde to fix the sample. As depicted in fig 13c, the P 
kinetochore can be seen rotated around its sister and not bound to a K-
fiber, whereas the AP-kinetochore is still attached to microtubules (Fig 13c). 
Taken together, these data demonstrate that kinetochore flipping 
corresponds to microtubule detachment at the P kinetochore during 
congression. 
 
3.4 Force dependent release of the leading kinetochore 
 
Currently, our data suggests that the Ska complex is required to maintain 
lead kinetochore attachment at bi-oriented kinetochore-pair undergoing 
congression. However, the mechanism of detachment remains unclear. 
One possibility is that we are observing Aurora B mediated error correction, 
which acts to destabilize erroneous attachments in response to a lack of  
Figure 13: Kinetochore flipping coresponds to lead sister detachment
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(a) Quantification of inter-kinetochore distance before and after the flip event in 
eGFP-CENP-A cells treated with Ska1 siRNA. Measurements were taken manually
from the two time frames preceding the initiation of a flip and the two proceeding the 
90°rotation. (b) The proportion of flip events that occurred at the either P or AP 
kinetochore in cells treated with Ska1 siRNA. The ‘flipping’ kinetochore was identified
as the kinetochore that rotated ~90° around its roughly stationary sister. Error bars 
±SD. (c) The lead sister is no longer associated with microtubules after a flip event. 
Cells expressing eGFP-CENP-A were depleted of Ska1 and an unaligned bi-oriented
kinetochore pair was followed during a flip. Immediately after the 90° rotation was 
observed, the cell was fixed with gluteraldehyde and microtubules were visualised 
using an anti-α-tubulin antibody. Insets show a zoom of the flipped kinetochore at 
0 nm, +600 nm and -600 nm. Red arrow indicates the lead (flipped) kinetochore. 
Scale bar 3µm. 
!tension (Lampson and Cheeseman, 2011). However, it has been reported 
that bi-oriented kinetochore-pairs irreversibly antagonise error correction 
due to recruitment of PP1 (DeLuca et al., 2011). Nevertheless, it is 
unknown whether this antagonism occurs once sister-pairs have 
congressed, or immediately after bi-orientation in a position-independent 
manner. To investigate this, quantified the phosphorylation of Ndc80 at 
serine 55 at bi-oriented sister-pairs that were either in an aligned or 
unaligned state. We found no difference in Ndc80pS55 levels between 
these two sister-pair subgroups (Fig 14a,b) (n = 256 aligned kinetochore 
pairs and 135 unaligned bi-oriented kinetochore pairs from 26 cells). 
Importantly, unlike their phospho-state, the rate of kinetochore flipping in 
control cells is not equal between these two groups. Instead, flipping is 
restricted to bi-oriented sister-pairs undergoing congression, a finding 
which suggests that an alternate mechanism underpins this process. 
We did attempt to directly test the involvement of Aurora B by treating 
prometaphase cells with the inhibitor ZM1 (Ditchfield et al., 2003). 
However, this caused unaligned bi-oriented kinetochore pairs to stall, and 
as we have only observed flipping at chromosomes undergoing active  
congression this result is uninformative, other than implicating Aurora B 
activity in a force generation step (Fig 14c,d) (n=123 kinetochore pairs from 
29 cells).  
 
An alternative idea is that flipping results from the force dependent 
detachment of microtubules at the leading kinetochore. To test this, we  
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Figure 14: Testing the involvement of error correction in flipping
(a) Immunofluorescence image of a late prometaphase HeLa K cell stained with DAPI and antibodies 
against CENP-A and Hec1pSer55. Zoom boxes depict the staining intensities at aligned (1) and 
unaligned (2) bi-oriented kinetochore pairs respectively. In both cases the dual CENP-A and 
Hec1pSer55 signals (left) and individual Hec1pSer55 signal (right) are shown. Scale bar 5 µm. 
(b) Quantification of Hec1pSer55 staining at aligned bi-oriented and unaligned bi-oriented 
kinetochore pairs, respectively, in late prometaphase HeLa K cells relative to CENP-A after 
background subtraction. (c) Quantification of unaligned bi-oriented kinetochore behaviour in 
eGFP-CENP-A expressing cells treated with control siRNA and 2 µM ZM447439. Errors bars ± SD.(d) 
Example trajectory of a stalled kinetochore pair labelled with eGFP-CENP-A in a cell treated with 
control siRNA and 2 µM ZM447439. Blue line indicates the metaphase plate periphery. Scale bar 3 µm. 
!depleted the microtubule depolymerase kinesin-13 MCAK (Hunter et al., 
2003), which reduces the velocity of oscillating metaphase kinetochores by 
altering the balance of microtubule polymerisation between the AP and P 
attached K-fibers (Armond et al., 2015; Jaqaman et al., 2010). Therefore in 
MCAK depleted cells, the P-kinetochore attached K-fiber is more likely to 
contain polymerising microtubules, which in turn reduces the 
depolymerising pool available for force generation. Quantitative 
immunofluorescence revealed that both proteins were efficiently depleted, 
reducing the centromeric/kinetochore signal by >95% (Fig 15a-d) (n=200 
kinetochores from 20 cells per condition). Consistent with pervious reports 
of metaphase kinetochores (Jaqaman et al., 2010), MCAK depletion slowed 
the velocity of congressing kinetochores from 2.93 ± 1.2µm min-1 in control 
cells to 1.95 ± 0.8µm min-1 in MCAK depleted cells (Fig 15e) (n = at least 
76 kinetochore pairs from 42 cells). We then compared the number of flip 
events in Ska1 and Ska1+MCAK double depleted cells, and found that 
MCAK co-depletion with Ska1 rescued the number of flip events from 
63.1% (±2.7% n = 218 kinetochore pairs from 43 cells) to 38.3% (±5.6% n = 
215 kinetochores from 76 cells), allowing more chromosomes to 
successfully congress (Fig 15f). Interpretation of this result is potentially 
confounded by the proposed role of MCAK in Aurora B mediated error 
correction (Lan et al., 2004). To address this, we treated with Ska1 
depleted cells with 100nM taxol, which stabilises microtubules and reduces 
inter-sister tension (DeLuca et al., 2011). In agreement with our MCAK  
a b
Ve
loc
ity
 [µ
m
 m
in-
1 ]
Control MCAK
siRNA
1
2
3
4
5
6
7
0
10
20
30
40
50
60
70
80
90
Pr
op
or
tio
n 
of
 u
na
lig
ne
d 
bi-
or
ien
te
d 
kin
et
oc
ho
re
 p
air
s [
%
]
Congress 
flip
No congress
stall
Congress 
align
Ska1 + control siRNA
Ska1 + MCAK siRNA
MCAK siRNA
p=1.2x10-7
0
10
20
30
40
50
60
70
80
Pr
op
or
tio
n 
of
 u
na
lig
ne
d 
bi-
or
ien
te
d 
kin
et
oc
ho
re
 p
air
s [
%
]
Ska1 siRNA + DMSO
Ska1 siRNA + 100nM taxol
Congress 
flip
No congress
stall
Congress 
align
c
No
rm
ali
se
d 
kin
et
oc
ho
re
  M
CA
K 
lev
el
Control MCAK Ska1+
MCAK
siRNA
1
0
2
3
4
5
No
rm
ali
se
d 
kin
et
oc
ho
re
 S
ka
1 
lev
el
Control Ska1+
control
Ska1+
MCAK
siRNA
0
1
2
3
4
CE
NP
-A
M
CA
K
M
CA
K
DA
PI
 C
EN
P-
A
Control MCAK
MCAK+
Ska1
siRNA
CE
NP
-A
Sk
a1
CE
NP
-A
DA
PI
 S
ka
1
Control
Ska1+
control
MCAK+
Ska1
siRNA
d e f
g
Figure 15: Force dependent release of the 
leading kinetochore
(a) Immunofluorescence images of a HeLa K cell 
treated with either control, MCAK or Ska1 + MCAK 
siRNA and stained with antibodies against CENP-A 
and MCAK. Zoom boxes depict the staining at 
individual kinetochores. Scale bar 5 µm. (b) 
Quantification of MCAK intensities in cells treated with 
control, MCAK or Ska1+MCAK siRNA. Intensity 
measurements were taken relative to CENP-A 
following background subtraction. (c) Left, 
immunofluorescence images of HeLa-K cells treated 
with either control, Ska1 + control or MCAK siRNA 
and stained with antibodies against CENP-A and Ska1. 
Insets show individual kinetochores. Scale bar 5µm. (d) Quantification of Ska1 staining intensities 
in cells treated with control, Ska1 + control or Ska1+MCAK siRNA. Intensity measurements were 
taken relative to CENP-A following background subtraction.(e) Quantification of kinetochore 
velocity during congression in eGFP-CENP-A expressing cells treated with control or MCAK 
siRNA. Measurements were taken from tracks of persistent movement that lasted at least three
time frames. (f) Quantification of unaligned bi-oriented kinetochore behaviour in eGFP-CENP-A
expressing cells treated with Ska1+control, MCAK or Ska1+MCAK siRNA. Error bars ±SD. 
(g) Quantification of unaligned bi-oriented kinetochore behaviour in cells depleted of Ska1 by 
siRNA and treated with DMSO or 100 nM taxol for 1 hr. Error bars ±SD.
!data, treatment with taxol reduced the rate of flipping to 41.7% (±1.55% n = 
127 kinetochore pairs from 38 cells), again allowing more chromosomes to 
successfully congress (Fig 15g). Thus, we favor a model where excess 
pulling force exerted on the P kinetochore microtubule attachment lead to 
its failure, causing the kinetochore pair to flip away from the spindle axis.  
3.5 Congression is coupled to an increase in microtubule 
occupancy at kinetochores 
We suspected that the increase in load on the P kinetochore may be 
related to the observation that metaphase kinetochores are bound to more 
microtubules that those in prometaphase (McEwen, 1997). However, this 
experiment did not rule out that differences were due to cell cycle effects. 
What is needed is a comparison of unaligned and congressed kinetochores 
in the same cell. To do this, we used our SBF-SEM images to quantify the 
number of microtubules terminating at bi-oriented kinetochore-pairs. We 
note that the resolution limit of SEM means that the observed microtubule 
fibres may reflect both single microtubules and small bundles. Hence, this 
assay reads out microtubule density rather than absolute microtubule 
number. We found a ~50% increase in microtubule density at aligned bi-
oriented sister-pairs when compared to those that had not yet congressed 
(Fig 16a,b). To substantiate this finding we analysed prometaphase HeLa 
cells fixed using gluteraldehyde and stained with an α-tubulin antibody. 
This showed that the tubulin signal increased by ~27% at aligned bi-
oriented sister-pairs (Fig 17a,b). A relationship that remains in Ska1  
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Figure 16: Congression is coupled to an increase in microtubule occupancy at 
kinetochores – EM analysis
(a) (I) Single slice from an SBF-SEM image of a prometaphase HeLa cell, boxes show aligned 
bi-oriented (1) an unaligned bi-oriented (2) kinetochore pairs.  Zoom boxes display single 
slices and their associated segmentation. Kinetochore attached, and non-kinetochore attached 
microtubule structures are show in light green and dark green, respectively. Dotted blue line 
indicates the metaphase plate centre. White asterisks show the spindle pole positions. Scale 
bar 5 µm (left) 1µm (right) (II) Top, box depicting the spindle region used to render microtubule 
attachment at the sister-pairs indicated in (1) and (2). Bottom, z-projection (slices 56-65) of the 
kinetochore and microtubule model generated from the cell in (I). Kinetochore attached, and 
non-kinetochore attached microtubule structures are indicated in light green and dark green, 
respectively. (b) Quantification microtubule structures terminating at kinetochores in either 
aligned bi-oriented or unaligned bi-oriented state by SBF-SEM, n=100 aligned KT and 20 
unaligned KT from 3 cells, p-value calculated using a two-sample t-test
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Figure 17: Congression is coupled to an increase in microtubule occupancy at 
kinetochores – IF analysis
Image of a prometaphase eGFP-CENP-A cell treated with control (a) or Ska1 (b) siRNA and 
stained with DAPI and anti-α-tubulin. Zoom boxes depict the staining intensities at aligned bi-
oriented (1) and unaligned bi-oriented (2) kinetochore pairs, respectively. Scale bar 5µm (top) 
1µm (bottom). (c) Quantification of kinetochore proximal α-tubulin signal at aligned bi-oriented
 an unaligned b-oriented kinetochore pairs in cells treated with either control or Ska1 siRNA, n 
(control) = 199 aligned KT and 75 unaligned KT from 20 cells, n (Ska1) = 152 aligned KT and 
38 unaligned KT from 16 cells, p-value calculated using a two-sample t-test. 
!depleted cells (Fig 17a,b). We do note that depletion of Ska reduces the 
number of microtubules bound to the kinetochore, a finding that is 
consistent with previous work (Chan et al., 2012; Gaitanos et al., 2009; 
Raaijmakers et al., 2009). Together, these data demonstrate that 
kinetochores are recruiting additional microtubules in a Ska complex 
independent manner during congression. 
 
3.6 The fate of flipped kinetochore pairs 
 
During the initial analysis of the Ska complexes role in congression, we 
found that control siRNA treated cells have a ~20% baseline rate of flipping 
(Fig 9d), a finding that is consistent with observations in unperturbed HeLa 
cells expressing eGFP-CENP-A (Fig 18a) (flip rate of 22.3% ± 3.3%, n=134 
kinetochore pairs from 43 cells). Importantly, kinetochore flipping can be 
detected in unperturbed RPE1 cells expressing eGFP-CENP-A (Fig 19a,b), 
however, due to the accelerated rate of congression its observation is less 
frequent.  
In control siRNA treated HeLa cells, the flipping behavior is identical to that 
in Ska1 depleted cells, where the lead kinetochore detaches from its 
associated K-fiber, leading to a reduction in inter-sister separation (Fig 
18b,c). Importantly however, the fate of flipping kinetochore pairs is distinct 
in Ska1 depleted and control cells. In Ska1 depleted cells, kinetochores flip, 
reattach to spindle microtubules and re-orient along the spindle axis.  
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Figure 18: Flipping in unperturbed HeLa cells 
(a) Quantification of unaligned bi-oriented kinetochore behaviour in wild type 
eGFP-CENP-A expressing and those treated control siRNA. Error bars ±SD. 
(b) Quantification of inter-kinetochore distance before and after the flip event 
in eGFP-CENP-A cells treated with control siRNA. Measurements were taken
manually from the two time frames preceding the initiation of a flip and the 
two proceeding the 90° rotation. (c) The proportion of flip events that occurred
at the either P or AP kinetochore in cells treated with control siRNA. The 
‘flipping’ kinetochore was identified as the kinetochore that rotated ~90° 
around its roughly stationary sister. Error bars ±SD.
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Figure 19: Flipping in an unperturbed RPE1 cell
(a) Example trajectory of a flipping kinetochore pair in an RPE1 cell expressing eGFP-
CENP-A. Red and yellow arrows indicate the P and AP kinetochores, respectively. Blue
dotted line indicates the metaphase plate periphery. Scale bar 1µm.(b) Plot of K-K axis 
angle and inter-sister distance (see Fig 16 for description of measurement) during a flip
event followed by successful congression in the unperturbed RPE1 cell shown in (a). 
Dotted green line indicates a kinetochore axis angle of 75°. Dotted red line indicates 
the inter-sister distance in absence of microtubules (i.e. the rest length).
!However, 42% (±6.4%, n=78 flip events from 55 cells) of these flipped 
kinetochore-pairs undergo a second flip event, and 91% (±8.7% n=78 flip 
events from 55 cells) of all flipped kinetochore-pairs fail to reach the spindle 
equator during the 5min movie (Fig 20a,c,d). This sequential flipping can be 
visualized by plotting the inter-sister distance and kinetochore-axis (K-K 
axis) angle of the sister-pair. Here, we observed a significant drop in inter-
sister distance (indicative of detachment) that corresponded with a sharp 
increase in K-K axis angle during both flip events (Fig 20a,e,f). Importantly, 
this was preceded by a period of low K-K angle and inter-sister breathing 
about 1µm, demonstrating that the sister-pair was bi-oriented prior to the 
first flip, and reformed this attachment before the second flip. In contrast, 
only 15% (±6.2%, n=28 flip events from 27 cells) of flipped kinetochore-
pairs in control cells undergo a second flip, and 61% (±1.7%, n=28 flip 
events from 27 cells) of flip events are followed by reattachment and 
successful congression (Fig 20b-e,g). Similarly, the flip event we observed 
in an RPE1 cell was followed reattachment and successful congression 
(Fig 19a,b). Given that we have only visualized a 5min snapshot of 
prometaphase (chosen to limit photodamage), it is likely that all flipped 
kinetochore-pairs in control cells reach the spindle equator. This is 
supported by 12hr time-lapse movies of HeLa cells expressing histone-2B-
GFP, where 100% (n = 289 cells) of chromosomes in control cells congress 
by 24min, compared with 50% in Ska1 depleted cells (Fig 21a,b) (n = 149 
cells). The resolution of attachment and subsequent congression post-flip in  
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Figure 20: The fates of flipping kinetochore pairs
(a) Example trajectory of a Ska1 depleted kinetochore 
pair undergoing two sequential flip events (t=60 s & t=1
12.5 s) interspersed by a period of reorientation (t=75 s
 – t=82.5 s).  Red and yellow arrows indicate the P and 
AP kinetochores respectively. Dotted blue line indicates
 the metaphase plate periphery. Scale bar 2 µm. 
(b) Example trajectory of a kinetochore pair undergoing 
a flip event followed by reorientation and successful 
congression in a cell treated with control siRNA. 
Red and yellow arrows indicate the P and AP 
kinetochores respectively. Dotted blue line indicates the
metaphase plate periphery. Scale bar 2µm. (c) The 
proportion of flipped kinetochore pairs that undergo a second flip event in cells treated with 
control or Ska1 siRNA. Error bar ±SD. (d) Quantification of kinetochore pair fate after a flip 
event in cells treated with control or Ska1 siRNA. Error bar ±SD. (e) Schematic illustrating 
the measurement of kinetochore (K-K) axis angle relative to metaphase plate. The K-K 
axis angle has been normalised so that a perpendicular orientation to the metaphase plate 
is equal to 0. After a flip, when the kinetochore axis is parallel to the metaphase plate, the 
K-K angle is 90°. d indicates the inter-sister distance. (f) Plot of K-K axis angle and inter-
sister distance during two sequential flip events in the Ska1 depleted kinetochore pair 
shown in panel (a). During both flip events, the K-K axis-angle can be observed to rotate
 ~90° while the inter-sister distance simultaneously drops to ~0.65µm, consistent 
with a loss of microtubule attachment. (g) Plot of K-K axis angle and inter-sister distance 
during a flip event followed by successful congression in the control siRNA treated 
kinetochore pair shown in panel (b). Dotted green line indicates a kinetochore axis angle
 of 75°. Dotted red line indicates the inter-sister distance in absence of microtubules.  
Figure 21: Congression timing in 
Ska1 depleted cells
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(a) Example prometaphase trajectories of 
cells expressing histone-2B-GFP and 
treated with control siRNA, Ska1 siRNA or 
Ska1 siRNA and rescued with an siRNA 
protected tagRFP-FKBP-Ska1 transgene. 
Scale bar 20 µm. (b) Quantification of NEB
-metaphase (congression) time for histone
-2B-GFP expressing cells treated with 
control siRNA, Ska1 siRNA or Ska1 siRNA
 and rescued with an siRNA protected 
tagRFP-FKBP-Ska1 transgene.
Congression time
!control cells highlights two key points, (1) flipping does not represent a 
subset of defective kinetochores, and (2) flipping is a normal feature of 
mitosis in unperturbed human cells.   
 
3.7 Dynamic maturation of the Ska complex during congression 
 
Our data currently supports a model in which the Ska complex is required 
to limit the number of force dependent P-kinetochore detachment events 
during congression. From our immunostaining experiments, we noticed that 
the Ska1 staining intensity appeared to be lower at unaligned bi-oriented 
kinetochore-pairs when compared to those aligned at the spindle equator 
(Fig 22a,b) (n= at least 157 kinetochore from 37 cells per condition), a 
finding we confirmed in cells expressing a tagRFP-FKBP-Ska1 transgene 
(Fig 22c,d) (n= at least 53 kinetochores from 15 cells per condition). This 
raised the possibility that bi-oriented kinetochores progressively recruit the 
Ska complex as they congress. To test this, we took a single image of an 
unaligned bi-oriented kinetochore-pair in a cell expressing 2×tagRFP-Ska1, 
allowed it to congress to the spindle equator, and imaged the same 
kinetochore-pair once more. During this alignment, we found that the Ska 
complex intensity (relative to eGFP-CENP-A) increased by 178% (Fig 
23a,b) (n=12 kinetochores from 10 cells). To confirm the calculated 
increase in 2×tagRFP-Ska1 intensity was not due to changes in eGFP-
CENP-A levels during congression, we plotted the signal intensities for  
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Figure 22: Ska1 is enriched at aligned bi-oriented kinetochores
(a) Immunofluorescence image of a prometaphase HeLa K cell stained with
DAPI and antibodies against CENP-A (red) and Ska1 (green). Zoom boxes
depict the staining intensities at aligned (1) and unaligned (2) bi-oriented 
kinetochore pairs respectively. Scale bar 5µm. (b) Quantification of Ska1 
staining intensity at aligned and unaligned bi-oriented kinetochore pairs 
relative to CENP-A after background subtraction. (c) Image of a 
prometaphase eGFP-CENP-A expressing cell transfected with tagRFP-
FKBP-Ska1, with only the transgene signal shown. Zoom boxes depict the
staining intensities at aligned (1) and unaligned (2) bi-oriented kinetochore
pairs respectively. Scale bar 5µm. (d) Quantification of tagRFP-FKBP-Ska1
intensities at aligned and unaligned bi-oriented kinetochore pairs after 
background subtraction
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Figure 23: Ska1 matures at bi-oriented kinetochore-pairs as they congress
(a) Left: Image of a late prometaphase HeLa cell with a single unaligned kinetochore pair 
expressing eGFP-CENP-A and transfected with 2×tagRFP-Ska1. Right: Image of the 
same cell after the  kinetochore pair has aligned at the spindle equator. Scale bar 5µm. 
(b) Quantification of 2×tagRFP-Ska1 intensity at the same kinetochores when in an 
unaligned state and after alignment at the spindle equator. Measurements were taken 
relative to eGFP-CENP-A after background subtraction. (c) Quantification of kinetochore 
eGFP-CENP-A signal after background subtraction at the kinetochores followed for live 
cell Ska1 loading shown pannel a. This demonstrates that changes in CENP-A signal 
cannot account for the calculated increase in 2XtagRFP-Ska1 intensity. 
(d) Quantification of kinetochore 2xtagRFP-Ska1 signal after background subtraction at 
the kinetochores followed for live cell Ska1 loading shown pannel a. This demonstrates 
that an increase in tagRFP signal is responsible for the calculated increase in Ska1 at 
kinetochores as they congress. 
!each channel at the unaligned and aligned populations. In agreement with 
Ska1 loading, the tagRFP signal can be seen to increase while the eGFP 
signal remains roughly constant (Fig 23c,d) (n=12 kinetochores from 10 
cells per condition). Thus, congressing bi-oriented kinetochore-pairs 
progressively load the Ska complex as they approach the spindle equator. 
These additional complexes may be ‘swept-up’ from the microtubule pool 
as the kinetochore tracks the shrinking K-fiber. In this regard, deletion of 
the Ska1 microtubule binding domain (Ska1∆MTBD), which specifically 
prevents its recruitment to the spindle, reduces the kinetochore bound pool 
(relative to eGFP-CENP-A) at aligned sister-pairs by ~70% (n=173 
kinetochores from 30 cells expressing Ska1∆MTBD and 134 kinetochores 
from 25 cells expressing Ska1WT), a level comparable to that measured 
when microtubules are depolymerized with nocodazole (Fig 24a-g) (n=300 
kinetochores from 30 cells per condition). The residual kinetochore-bound 
pool of Ska complex is probably loaded through the previously reported 
Ndc80 loop-Ska interaction (Zhang et al., 2012).  
This raised the possibility that Ska complex maturation is coupled to the 
recruitment of microtubules. Ideally, we would have correlated Ska complex 
and α-tubulin intensities at single kinetochores in different spindle positions. 
However, our Ska1 antibody was ineffective with gluteraldehyde fixation, 
and the noise from non-K-fibre microtubules confounds quantification in 
cells fixed with paraformaldehyde. To overcome this, we used cold 
treatment to remove non-kinetochore microtubules, fixed the cells using 
paraformaldehyde, and then quantified the Ska1 and α-tubulin signals at  
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Figure 24: Ska1 may be loaded from the spindle onto the kinetochore
(a) Images of metaphase HeLa cells expressing eGFP-CENP-A and transfected with
either 2×tagRFP-Ska1 or 2×tagRFP-Ska1∆MTBD. Scale bar 5µm. (b) Quantification
of kinetochore 2×tagRFP signal in cell expressing 2×tagRFP-Ska1 or 2×tagRFP-Ska1
∆MTBD relative to eGFP-CENP-A after background subtraction. (c) Quantification of 
kinetochore eGFP-CENP-A signal after background subtraction at the kinetochores 
used to quantify 2xtagRFP-Ska1 and 2xtagRFP-Ska1∆MTBD signal in pannel a. 
(d) Quantification of kinetochore 2xtagRFP signal after background subtraction at the
kinetochores used to quantify 2xtagRFP-Ska1 and 2xtagRFP-Ska1∆MTBD signal
in pannel a. (e) Immunofluorescence images of a HeLa K cell treated with either 
DMSO or 330nM nocodazole for 16 hr and stained with DAPI, CREST antisera and
an antibody against Ska1. Scale bar 5µm. (f) Quantification of Ska1 kinetochore 
staining intensity in cells treated with either DMSO or 330nM nocodazole for 16 hr 
relative to CREST after background subtraction.  
!single aligned kinetochores (Fig 25a,b). It is important to note that a 
limitation of this approach is that spindle length decreases in the cold, 
forming a broad metaphase plate that contains a mix of sister-pairs that 
were aligned and unaligned prior to treatment (Fig 25a). Despite this, our 
analysis revealed a strong linear correlation (R2=0.3444) between the 
levels of Ska1 and α-tubulin (Fig 25a,b). Together, these data demonstrate 
that bi-oriented kinetochores can exist in both mature and immature states, 
and this is correlated with both congression and the number of K-fibre 
microtubules. 
3.8 Ska1 maturation correlates with loss of Bub1 from 
kinetochores 
 
It is well established that unattached kinetochores in prometaphase 
generate a ‘wait anaphase’ signal via the spindle assembly checkpoint 
(SAC) (London and Biggins, 2014b; Musacchio, 2015), thus allowing for 
sister-pairs to bi-orient prior to segregation. Interestingly however, cells also 
delay anaphase until all chromosomes have aligned, even in cases when 
unaligned kinetochores are bi-oriented and therefore satisfying the SAC. 
One idea is that this delay reflects the kinetics of Securin and CyclinB 
degradation. However, our observation of unaligned bi-oriented 
kinetochore-pairs in an immature state raises the possibility that they may 
still signal via the SAC. To test this, we stained cells with anti-Bub1 (as a 
marker of SAC activity) and anti-Ska1 (as a marker of maturity). First, we  
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Figure 25: Ska1 loading correlates with microtubule occupancy
(a) Image of a cold treated metaphase cell fixed and stained with DAPI 
and Abs against α-tubulin and Ska1. Zoom boxes depict the staining 
intensities at individual kinetochore pairs. Scale bar 5 µm (top) 1µm 
(bottom). (h) Scatter plot of Ska1 and kinetochore proximal α-tubulin 
signals at single kinetochores after background subtraction in cold 
treated metaphase cells, n=300 KT from 30 cells. 
!categorized prometaphase sister-pairs into three groups based on spindle 
position, orientation and inter-sister distance. They are as follows: (1) 
aligned/bi-oriented, (2) unaligned/bi-oriented, and (3) unaligned/non-bi-
oriented. As expected, aligned/bi-oriented kinetochore pairs had high levels 
of Ska1 and low levels of Bub1 (Fig 26a-d). The opposite was true for 
unaligned/non-bioriented kinetochore pairs, which had low levels of Ska1 
and high levels of Bub1 (Fig 26a-d). In agreement with our previous data,  
the unaligned/bi-oriented kinetochore-pairs had ~50% lower Ska1 than 
those aligned at the spindle equator, but significantly higher than the 
unaligned/non-bioriented population. Interestingly however, these 
kinetochores loaded Bub1 to a level comparable to that of the 
unaligned/non-bi-oriented population (Fig 26a-d). This behavior was also 
sister-kinetochore autonomous, and we could observe instances where one 
sister in a pair was Bub1 positive/Ska1 negative and the other sister Bub1 
negative/Ska1 positive (Fig 26e). Thus demonstrating that bi-oriented 
kinetochores in an immature state can generate an independent SAC 
signal.  
 
3.9 Summary   
 
Here, we have demonstrated that the Ska complex is a load-bearing 
component of the kinetochore, which is progressively recruited during 
congression to limit the number of lead kinetochore detachment events.  
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Figure 26: Ska maturation correlates with loss of Bub1 from kinetochores 
(a) Immunofluorescence images of prometaphase HeLa K cells stained with antibodies against Ska1 and 
Bub1 and CREST antisera. Zoom boxes depict the staining intensities at aligned bi-oriented (1 & 3), 
unaligned bi-oriented (2) and unaligned non-bi-oriented (4) kinetochore pairs, respectively. Scale bar 5µm.
(b) Quantification of CREST based inter-sister distance at the kinetochore-pair subgroups shown in (a). 
(c) Quantification of kinetochore Ska1 staining intensity relative to CREST after background subtraction at
the kinetochore-pair subgroups defined in (a). (d) Quantification of kinetochore Bub1 staining intensity 
relative to CREST after background subtraction at the kinetochore-pair subgroups defined in (a). (e) 
Immunofluorescence images of prometaphase HeLa K cells stained with antibodies against Ska1 and 
Bub1 and CREST antisera. Zoom boxes depict an unaligned bi-oriented kinetochore-pair with opposing 
Ska1/Bub1 loading. Scale bar 5µm. 
!Moreover, we have shown that these detachment events are a normal 
feature of mitosis, and are typically followed by reattachment and 
successful congression in unperturbed human cells. This may reflect some 
kind of mechanical ‘self-check’, where by kinetochores that fail to fully 
mature the Ska complex or recruit too few microtubules during congression 
detach, halting the cell in prometaphase. This would allow the sister-pair to 
reform its attachment and correctly mature, ensuring that only anaphase 
compatible kinetochores reach the spindle equator.  
 
 
 
 
 
 
 
 
 
 
!Chapter 4: Distinct contributions of the Ska complex, 
CENP-F and CENP-E to depolymerisation-coupled 
pulling 
 
4.1 Introduction 
 
Currently, our data demonstrate that the Ska complex is required to 
increase the load bearing capacity of the kinetochore, which allows the 
leading sister to efficiently track the shortening K-fiber. However, the Ska 
complex is clearly not required for all congression events, as the majority of 
kinetochore-pairs align in its absence. This suggests that other factors 
contribute to congression via DCP, and these are at least in part redundant. 
In this regard, in vitro analysis of CENP-F, a factor that relocates from the 
nuclear envelope to the kinetochore during mitosis, has been shown to 
behave in a manner reminiscent of the Ska complex in vitro (Volkov et al., 
2015). CENP-F contains two microtubule-binding domains (MTBD), one 
located at either terminus. Of particular interest is the N-terminal MTBD, 
which shows a preference for binding curved microtubule structures, tracks 
with the depolymerising plus-end, and can transduce this force to a bead 
coated in the fragment (Volkov et al., 2015). However, elucidation of its 
function in congression in vivo has been confounded by its proposed role in 
CENP-E and dynein recruitment to the kinetochore (Bomont et al., 2005; 
!Feng et al., 2006; Holt et al., 2005; Vergnolle and Taylor, 2007; Yang et al., 
2005). Moreover, CENP-E is required for end-on attached kinetochores 
about a monopole to track depolymerising astral microtubules in response 
to nocodazole treatment (Gudimchuk et al., 2013), suggesting it may too 
contribute to DCP. Here, we demonstrate that CENP-F has an independent 
role in coupling the lead kinetochore to depolymerising microtubules during 
congression in vivo. Moreover, we show that CENP-E is not required for 
DCP per se, but contributes to force generation at end-on attached 
kinetochores.  
 
4.2 CENP-F is required for the maintenance of bi-orientation 
during congression 
 
To follow the behaviour of bi-oriented congressing chromosomes depleted 
of CENP-F, we employed the same imaging and kinetochore selection 
protocol described in section 3.2. Quantitative immunofluorescence 
revealed that CENP-F was efficiently depleted, reducing the kinetochore 
signal relative to CREST by >95% (Fig 27a,b) (n=200 kinetochores from 20 
cells per condition). We then followed the behaviour of congressing 
kinetochore-pairs in CENP-F depleted cells, and observed a 20% reduction 
in successful congression to the spindle equator, which corresponded with 
a 12% (±1%) increase in flipping (n=140 kinetochores form 43 cells). The 
remaining 8% either stalled, failing to generate any productive force, or  
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Figure 27 CENP-F contributes to the
maintenance of bi-orientation during 
congression
(a) Immunofluorescence images of HeLa K
cells treated with either control or CENP-F
siRNA for 48hr and stained with DAPI, 
CREST antisera and an antibody against 
CENP-F. Scale bar 5µm. (b) Quantification 
of kinetochore CENP-F staining relative to 
CREST after background subtraction in 
cells treated with either control or CENP-F 
siRNA. (c) Quantification of bi-oriented 
kinetochore behaviour during congression 
in eGFP-CENP-A expressing HeLa cells
treated with either control or CENP-F 
siRNA. Error bar ±SD. 
(d) Immunofluorescence images of 
HeLa K cells treated with either control or
CENP-F siRNA and stained with DAPI 
and antibodies against CENP-A and Ska1.
Scale bar 5µm. (e) Quantification of 
kinetochore Ska1 staining relative to 
CENP-A after background subtraction in 
cells treated with either control or CENP-F
siRNA. 
!were transported toward their proximal pole (Fig 27c) (n=140 kinetochores 
form 43 cells). Thus, CENP-F is required for the maintenance of bi-
orientation during congression, albeit to a lesser extent that the Ska 
complex. The possibility remained that this effect was indirect, via 
perturbation of Ska complex loading to the kinetochore. However, 
quantitative immunofluorescence revealed that kinetochore bound Ska1 
was unchanged upon CENP-F depletion (Fig 27d,e) (n=200 kinetochores 
from 20 cells per condition). Taken together, these data demonstrate a 
minor, Ska complex independent role for CENP-F in the maintenance of bi-
orientation during congression.  
 
4.3 Integrating the Ska complex, CENP-F and CENP-E at end-on 
attached kinetochores 
 
Currently, our data supports a model where the Ska complex and CENP-F 
are required for the maintenance of lead kinetochore attachment during 
congression, albeit to differing degrees. A key further question is how these 
factors cooperate at the kinetochore to enable congression via DCP. 
Importantly, CENP-F has been implicated in the kinetochore loading of 
CENP-E (Bomont et al., 2005), a finding we confirmed in both 
prometaphase and metaphase HeLa cells (n=200 kinetochore pairs from 
20 cells) (Fig 28a,b). Previous reports have demonstrated that mono-
oriented sister kinetochores utilise CENP-E to track depolymerising astral  
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Figure 28: CENP-F recruites the force generating CENP-E to kinetochores 
(a) Immunofluorescence images of metaphase (left) and prometaphase (right) HeLa K cells treated with 
either control or CENP-F siRNA and stained with DAPI, and antibodies against CENP-A and CENP-E. 
Scale Bar 5µm. (b) Quantification kinetochore CENP-E staining relative to CENP-A after background 
subtraction in metaphase (left) and prometaphase (right) HeLa K cells treated with either control or 
CENP-F siRNA. (c) Immunofluorescence images of HeLa K cells treated with either control or CENP-E 
siRNA and stained with DAPI, and antibodies against CENP-A and CENP-E. Scale bar 5µm. 
(d) Quantification of kinetochore CENP-E staining relative to CENP-A after background subtraction in 
HeLa K cells treated with either control or CENP-E siRNA. (f) Quantification of the proportion of 
successfully congressing bi-oriented kinetochore-pairs in eGFP-CENP-A expressing HeLa cells treated 
with either control or CENP-E siRNA. (f) Quantification of kinetochore velocity during congression in 
eGFP-CENP-A expressing HeLa cells treated with either control or CENP-E siRNA. Velocity 
measurements were taken from tracks of processive movement that lasted at least 3 time points. 
!microtubules (Gudimchuk et al., 2013). However, we found that depletion of 
CENP-E had no effect on the congression of bi-oriented kinetochore pairs 
(Fig 28c-e) (Bancroft et al., 2015). One possibility is that the role for CENP-
E is diminished when sisters become bi-oriented and undergo DCP, as the 
motor is at the microtubule plus-end and thus cannot carry out its primary 
function. Consistent with this idea, we find that depletion of CENP-E, while 
having no effect on the fidelity of congression via DCP, results in 
kinetochores congressing at a slower speed (from 2.93 µm min-1 ±1.2 µm 
min-1 in control cells to 1.7 µm min-1 ±0.6 µm min-1 in CENP-E depleted 
cells, n=33 kinetochore pairs from 19 cells) (Fig 28f), suggesting that the 
motor is contributing to a kinetochores capacity to generate force. 
Moreover, we find that depletion of CENP-E reduces the frequency of flip 
events by one third when compared to control cells (from 18.8% ±3% 
(n=157 kinetochore pairs from 90 cells) to 12.3% ±3.7% (n=61 kinetochore 
pairs from 25 cells)) and when codepleted with Ska1 (from 70% ±3.7% in 
Ska1 depleted cells (n=114 kinetochore pairs from 67 cells) to 41.9% ±1% 
in Ska1+CENP-E codepleted cells (n=138 kinetochore pairs from 39 cells)) 
(Fig 29a-e). Thus CENP-E is not required for congression via DCP, but has 
some role in generating force at end-on attached kinetochores.   
This dependency of CENP-E on CENP-F may explain why CENP-F does 
not lead to as many flip events when compared to Ska complex (Fig 27c). 
Indeed, the speed of congressing chromosomes was also reduced in 
CENP-F depleted cells (from 2.93 µm min-1 ±1.2 µm min-1 in control cells to  
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Figure 29: CENP-E depletion can rescue kinetochore flipping 
a) Immunofluorescence images of HeLa K cells treated with either control, Ska1 or Ska1 
+ CENP-E siRNA and stained with DAPI, and antibodies against CENP-A and Ska1. 
Scale bar 5µm. (b) Immunofluorescence images of HeLa K cells treated with either 
control, CENP-E or Ska1 + CENP-E siRNA and stained with DAPI, and antibodies 
against CENP-A and CENP-E. Scale bar 5µm. (c) Quantification of kinetochore Ska1 
staining relative to CENP-A after background subtraction in HeLa K cells treated with 
either control, Ska1 or Ska1 + CENP-E siRNA. (d) Quantification of kinetochore 
CENP-E staining relative to CENP-A after background subtraction in HeLa K cells 
treated with either control, CENP-E or Ska1 + CENP-E siRNA. (e) Quantification of the 
proportion of bi-oriented kinetochore pairs that flipped during congression in eGFP-
CENP-A expressing HeLa cells treated with either control, Ska1 + control, Ska1+ 
CENP-E, CENP-E or CENP-F siRNA. Error bar ±SD. 
!2.01 µm min-1 ±0.84 µm min-1 in CENP-F depleted cells (n=35 kinetochore 
pairs from 30 cells) (Fig 30a). Interestingly, depletion of CENP-F does not 
affect the flip phenotype in Ska complex depleted cells (63.1% ±2.7% in 
Ska1+control siRNA (n=218 kinetochore pairs from 47 cells) and 63.9% 
±1.6% in Ska1+CENP-F siRNA (n=226 kinetochore pairs from 61 cells)) 
even though the speeds are reduced and both proteins are efficiently 
depleted (n=200 kinetochores from 20 cells) (Fig 30b-f). Given that CENP-
E depletion can rescue flipping, and it is absent from CENP-F depleted 
kinetochores, this suggests that both CENP-F and the Ska complex 
independently contribute to the formation of load-bearing microtubule 
attachments. 
 
4.4 Summary 
 
Here, we have demonstrated that CENP-F has an independent, but minor 
role in the formation of load-stable kinetochore-microtubule attachments. 
This contribution may be limited by the observed requirement of CENP-F 
for CENP-E kinetochore loading, as CENP-E, while being dispensable for 
congression via DCP, contributes to force generation at end-on attached 
kinetochores and can therefore partially rescue flipping. This effect 
probably reflects the previously reported role of CENP-E in the regulation of 
microtubule dynamics, both directly and though recruitment of CLASP 
proteins (Maffini et al., 2009).  
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Figure 30: The Ska complex and CENP-F independently contribute to DCP
(a) Quantification of congressing kinetochore velocity in eGFP-CENP-A expressing HeLa 
cells treated with either control, CENP-E or CENP-F siRNA. Measurements were taken 
from tracks of processive movement that lasted at least 3 time points. (b) Quantification 
of congressing bi-oriented kinetochore behaviour during congression in cells treated with 
either control, CENP-F, Ska1 + control or Ska1 + CENP-F siRNA. (c) Immunofluorescence 
images of HeLa K cells treated with either control, Ska1 or Ska1 + CENP-F siRNA and 
stained with DAPI, and antibodies against CENP-A and Ska1. Scale bar 5µm. 
(d) Immunofluorescence images of HeLa K cells treated with either control, CENP-F or 
Ska1 + CENP-F siRNA and stained with DAPI, CREST antisera and an antibody against 
CENP-F. Scale bar 5µm. (e) Quantification of kinetochore Ska1 staining relative to 
CENP-A after background subtraction in HeLa K cells treated with either control, Ska1 or 
Ska1 + CENP-F siRNA. (f) Quantification of kinetochore CENP-F staining relative to 
CREST after background subtraction in HeLa K cells treated with either control, 
CENP-F or Ska1 + CENP-F siRNA.
!Chapter 5: Phospho-dependent force generation by 
CENP-Q is essential for the congression of bi-oriented 
kinetochore-pairs 
 
5.1 Introduction 
 
While it is well established that several kinetochore-associated microtubule 
binding proteins are phospho-regulated (Chan et al., 2012; DeLuca et al., 
2011; Schmidt et al., 2010; Welburn et al., 2010; Westermann et al., 2005), 
a modification that typically alters their recruitment and/or microtubule 
binding affinity. Little is known about phosphorylation events that directly 
regulate the function of an actively congressing kinetochore, be it laterally 
or end-on attached. One such event is the phosphorylation of CENP-E by 
Aurora A at the pole, which has been suggested to bias its walking on K-
fibers oriented toward the equator (Kim et al., 2010). CENP-E is recruited to 
kinetochores via a currently unknown, but likely indirect, mechanism by the 
CENP-O subcomplex component CENP-Q. Previous work from the 
McAinsh lab has demonstrated that the CENP-O subcomplex is required 
for chromosome congression, but not for end-on attachment (McCleland et 
al., 2007). Suggesting that it contributed to a sub-step of DCP downstream 
of attachment. Indeed, by following the fates of individual kinetochore pairs 
depleted of CENP-Q, it was shown that CENP-Q is required for force 
!generation at bi-oriented kinetochore pairs, based on observations of 
unaligned bi-oriented chromosome stalling in its absence (Bancroft et al., 
2015). This separated its role in DCP from that in CENP-E recruitment, as 
the same chromosome subgroup can congress when depleted of CENP-E 
(this study & Bancroft et al., 2015). Moreover, large-scale mass 
spectroscopic analysis has shown that CENP-Q is phosphorylated at serine 
50 in vivo (Rigbolt et al., 2011). Thus, the possibility existed that the role of 
CENP-Q in congression was dependent upon phosphorylation at S50.   
 
5.2 CENP-QS50A rescues kinetochore recruitment of Plk1 
 
To test the significance of CENP-Q phosphorylation at S50, we mutated 
this residue to alanine or the phospho-mimicking aspartic acid. Prior to the 
analysis of congression defects associated with CENP-QS50-eGFP, we 
tested if this transgene could rescue the structural roles of CENP-Q in the 
extended CCAN, specifically, the recruitment of Plk1. In agreement with our 
previous data (Bancroft et al., 2015), CENP-Q depleted cells that had been 
transfected with an empty vector displayed an 84% reduction in kinetochore 
bound Plk1. In contrast, transfection with CENP-Q-eGFP rescued Plk1 
loading to 50% of that observed control siRNA treated cells transfected with 
an empty vector, thus ruling out off target effects (Fig 31a,b)  (n=300 
kinetochores from 30 cells). Similarly, transfection with CENP-QS50A-eGFP 
rescued Plk1 loading to 62% (Fig 31c,d) (n=300 kinetochores from 30  
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Figure 31: CENP-QS50A-eGFP can rescue kinetochore Plk1 recruitment
(a) Immunofluorescence images of Plk1 rescue experiment in HeLa K cells. Cells were treated with control 
or CENP-Q siRNA for 12 hr and then transfected with an siRNA resistant plasmid expressing CENP-Q-eGFP
 or a control eGFP expression plasmid for a further 48 hr. To reduce the effect of mitotic stage on alignment 
cells were arrested in metaphase with 0.1µM MG132 for 90 min prior to fixation, and stained with CREST 
antisera and an antibody against Plk1. Scale bar 5µm. (b) Quantification of kinetochore Plk1 levels in the 
CENP-Q rescue experiment. Error bar ±SD. (c) Immunofluorescence images of a CENP-QS50A–eGFP 
siRNA rescue experiment in HeLa K cells. Cells were treated with CENP-Q siRNA or control siRNA for 12hr 
and then transfected with an siRNA-resistant plasmid expressing CENP-QS50A–eGFP or a control eGFP 
expression plasmid for a further 48hr. To reduce the effect of the mitotic stage on alignment, cells were 
arrested in metaphase with 1 mM MG132 for 90min before fixation. Cells were stained with CREST 
antisera and an antibody against Plk1. Scale bar: 5µm. (B) Quantification of Plk1 levels in the CENP-QS50A
–eGFP siRNA rescue experiment. Error bar ±SD. 
!cells). As Plk1 is indirectly recruited by CENP-Q, via interaction with its 
CENP-O subcomplex neighbour CENP-U (Park et al., 2015), this result 
demonstrates that cells rescued with CENP-QS50A-eGFP can form a 
functional CENP-O subcomplex at the kinetochore. Thus, CENP-QS50A-
eGFP enables investigation of the phospho-dependent role of CENP-Q in 
chromosome congression independently of CENP-O subcomplex assembly 
and Plk1 recruitment.  
 
5.3 Phosphorylation of CENP-Q S50 is required for chromosome 
congression 
 
Currently, our data demonstrates that CENP-QS50A-eGFP can be used as a 
tool to specifically test the phospho-dependent role of CENP-Q in 
congression, as it rescues its structural roles within the kinetochore. To 
asses the role of phosphorylation at this site in congression, we transfected 
CENP-Q depleted cells with CENP-Q-eGFP, CENP-QS50A-eGFP or CENP-
QS50D-eGFP, and monitored the phenotypic outcome in terms of CENP-E 
loading and the accumulation of polar chromosomes. First, we confirmed 
that all transgenes were equally loaded to the kinetochore, ruling out 
expression level as a contributor to the observed phenotypes (Fig 32a,b) (n 
≥ 150 kinetochores per condition). In line with our previous data, 
transfection with wild-type CENP-Q successfully rescued both the 
accumulation of polar chromosomes and CENP-E loading (Fig 32a,c,d) (n≥  
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Figure 32: Phosphorylation at CENP-Q serine 50 is vital for chromosome congression
(a) Immunofluorescence images of CENP-QS50A–eGFP and CENP-QS50D–eGFP siRNA rescue 
experiments in HeLa K cells. Cells were treated with CENP-Q siRNA or control siRNA for 12hr and then 
transfected with an siRNA-resistant plasmid expressing CENP-Q–eGFP, CENP-QS50A–eGFP or 
CENP-QS50D–eGFP or a control eGFP expression plasmid for a further 48hr. To reduce the effect of the 
mitotic stage on alignment, cells were arrested in metaphase with 1 µM MG132 for 90 min before fixation. 
Cells were stained with antibodies against CENP-A and CENP-E. Scale bar: 5 µm. (b) Quantification of 
kinetochore transgene levels for each CENP-Q variant. (c) Quantification of the average number of 
kinetochore pairs per pole in the CENP-Q phospho-mutant rescue shown above. Dotted yellow line 
indicates the level in control cells. (d) Quantification of kinetochore CENP-E levels in the CENP-Q 
phospho-mutant rescue shown above. Dotted yellow line indicates the level in control cells. (e) A plot 
demonstrating the relationship between the kinetochore eGFP and CENP-E signals in cells rescued 
with CENP-Q–eGFP, CENP-Q–eGFPS50A or CENPQ–eGFPS50D. 
!150 kinetochores per condition). In contrast, transfection with CENP-QS50A-
eGFP pheno-copied a CENP-Q depletion, with both a high number of polar 
chromosomes and low CENP-E kinetochore loading, suggesting that 
phosphorylation at S50 is critical for CENP-Q functionality. In agreement, 
transfection with the phospho-mimicking CENP-QS50D-eGFP successfully 
rescued the depletion phenotype, with both polar chromosome number and 
CENP-E levels comparable to cells rescued with wild-type CENP-Q (Fig 
32c,d) (n ≥ 150 kinetochores per condition). Finally, we plotted the level of 
the transgene and that of CENP-E for individual kinetochores in the rescue 
experiments (Fig 32e) (n ≥ 150 kinetochores per condition). This revealed a 
positive correlation for both the CENP-Q-eGFP and CENP-QS50D-eGFP 
transgenes, demonstrating that the recruitment of CENP-E molecules is 
dependent upon the number of CENP-Q molecules at the kinetochore. As 
expected, this relationship was lost upon transfection with the CENP-QS50A-
eGFP, with no CENP-E recruitment observed at high transgene levels (Fig 
32e). Taken together, these data support a phospho-dependent role for 
CENP-Q in DCP and CENP-E kinetochore loading that is independent of 
Plk1 and the CENP-O subcomplex.  
 
5.4 Summary 
 
Here, we have demonstrated that; (1) the phosphorylation of CENP-Q at 
serine 50 is key for its role in congression and CENP-E recruitment, and (2) 
!CENP-Q has a direct role in congression, independent of its structural role 
in CENP-O subcomplex assembly and Plk1 recruitment.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
!Chapter 6: Discussion 
 
6.1 Summary of findings 
 
By combining specific molecular perturbations with single kinetochore 
tracking we have shown that: (1) the Ska complex, which is progressively 
recruited to bi-oriented kinetochores as they congress, is required for the 
leading sister to withstand microtubule pulling forces during migration, (2) 
CENP-F independently contributes to this process, however it appears to 
play a secondary or minor role relative to Ska, (3) force generation at end-
on attached kinetochores requires MCAK, CENP-E and the kinase activity 
of Aurora B, and (4) the phosphorylation of CENP-Q at serine 50 is 
essential for chromosome congression. Together, these findings generate a 
model of how individual kinetochore components contribute to DCP sub-
steps and how these specific functions are regulated, all of which is vital for 
high-fidelity chromosome segregation.  
 
6.2 The role of the Ska complex in congression 
 
Here, we have provided the first direct in vivo evidence that a kinetochore 
factor, the Ska complex, is specifically required to maintain microtubule 
attachment during congression – a key feature of DCP. Kinetochores 
!depleted of the Ska complex can form bi-oriented attachments and initiate 
congression, but frequently rotate through 90° as they approach the 
equator and move poleward, an event triggered by microtubule detachment 
at the leading kinetochore. This is in line with structural and biochemical 
studies that show how the Ska complex mediates coupling to 
depolymerising microtubule plus-end by binding and remaining attached to 
curved protofilaments that are extruded during microtubule disassembly 
(Abad et al., 2014; Jeyaprakash et al., 2012; Schmidt et al., 2012; Welburn 
et al., 2009) (Fig 33). This takes us beyond the idea that microtubule 
attachment factors, namely Ndc80, are the sole force-couplers at end-on 
attached kinetochores (Cheeseman and Desai, 2008; Powers et al., 2009; 
Welburn et al., 2009). How much force the Ska complex can transduce, and 
how the complex is organised at the kinetochore in vivo will be key in 
understanding its role in microtubule coupling. In this regard, structural 
analysis of purified recombinant Ska complex has shown that it can 
oligomerise into a higher order structure (Jeyaprakash et al., 2012), a 
behaviour that has previously been suggested to contribute to Ndc80 force-
coupling (Alushin et al., 2010). However, the biological relevance of this 
Ska complex oligomer is yet to be determined.  
Moreover, the cause of lead kinetochore detachment remains obscure. One 
possibility is that the leading kinetochore experiences periods of high-load 
during congression, and in the absence of the Ska complex this physically 
ruptures the attachment. How might these periods of high load occur? We  
+-
MT
ki
ne
to
ch
or
e
Ska 
K-fibre
Fpull
MCAK, CENP-E, Aurora B
CENP-O complex 
Ndc80
PAP
CENP-F 
Figure 33: A molecular model of DCP mediators
Schematic depicting the contribution of kinetochore factors to DCP. Here, the Ndc80 complex first 
forms an end-on attachment to a microtubule. Upon depolymerisation, the Ska complex and the 
CENP-F amino-terminal microtubule binding domain (Volkov et al., 2015) attach to, and track with, 
the curving protofilaments as they peel away from the lattice, thus generating a pulling force. 
This coupling is essential for the maintenance of lead kinetochore attachment when under load. 
The carboxy-terminal microtubule-binding domain of CENP-F and Ndc80 may also contribute to 
force generation by binding to the microtubule lattice and diffusing away (indicated by the dotted
curved arrow) from the depolymerising plus-end. In addition to these coupling factors, CENP-E,
MCAK, Aurora B and phosphorylation of CENP-Q at serine 50 (Bancroft et al., 2015) are required 
for a force generation step (indicated by Fpull).
!favour the idea that kinetochores come under increasing load due to the 
recruitment of new microtubules into the K-fibre. Additionally, the K-fiber 
may experience periods of ‘depolymerisation coherence’ during 
congression, equivalent to the recently documented ‘bursts’ of coherent 
polymerisation (Armond et al., 2015). Interestingly, our tracking 
experiments do show periods of high centromeric stretch during 
congression, where the inter-sister separation was observed to 
spontaneously elevate to 1.6-1.7µm. These stretching events correlated 
with sustained migration of the sister-pair toward the equator. Importantly, 
this stretching resulted from the leading kinetochore moving away from its 
trailing sister, suggesting that it alone has experienced an acute pulling 
force. Therefore, kinetochores appear to be subject to fluctuating forces 
during congression. 
We cannot, however, rule out that we are observing error-correction, which 
destabilises attachments in response to loss of tension (Lampson and 
Cheeseman, 2011).  Nevertheless, several lines of evidence argue against 
this model; (1) once a kinetochore-pair has bi-oriented they are not subject 
to error correction. This is based on the finding that key error correction 
targets are not rephosphorylated in response to the loss of tension or 
microtubule attachment (DeLuca et al., 2011). Furthermore, we observed 
no difference in Aurora B Ndc80 phosphorylation between aligned or 
unaligned bi-oriented chromosomes. (2) It is unclear how a symmetrical 
cue, the loss of tension across the sister pair, leads to a highly 
!asymmetrical response with only the P kinetochore detaching from its K-
fiber, (3) we have observed detachment at high tension, a time where 
Aurora B substrates should be physically separated from the kinase (Liu et 
al., 2009), and (4) the Ska complex has recently been suggested to 
promote Aurora B activity (Redli et al., 2016). Therefore, despite Ska1 
depletion compromising the error correction machinery, congressing 
kinetochores in these cells display a high rate of lead sister detachment.  
This line of thinking has been complicated by a recent report showing that 
Ska1 recruits PP1 to the kinetochore (Sivakumar et al., 2016). In the 
context of our model, the loss of PP1 in Ska depleted cells would prevent 
the stabilisation of kinetochore-microtubule attachments and favour 
detachment events (flips). Importantly, the authors demonstrated that 
depletion of the Ska complex caused a ~25% increase in the 
phosphorylation of Knl1 (Sivakumar et al., 2016). However, these 
experiments were conducted at unattached kinetochores, a state that is 
known to promote Aurora B dependent outer-kinetochore phosphorylation 
(Liu et al., 2009) and reduce kinetochore bound PP1 (DeLuca et al., 2011). 
Together, these factors push the kinetochore into a pro-phosphorylation 
state. Therefore, if the loss of PP1 in Ska depleted cells was the cause of 
flipping, one might expect this change in phosphorylation to be more 
pronounced. Indeed, in an unperturbed mitosis, Aurora B phosphorylation 
of Ndc80 is ~500% higher in prometaphase when compared to metaphase. 
Even with this augmented phosphorylation, many kinetochore-pairs 
!instantaneously form stable bi-oriented attachments (DeLuca et al., 2011; 
Magidson et al., 2011). Therefore, we suggest that the reported reduction in 
kinetochore bound PP1 in Ska depleted cells would have only a minimal, if 
any, impact on congression. Moreover, in our depletion experiments we 
unload the entire Ska complex from kinetochores. As the complex possess 
an additional microtubule binding domain at the C-terminus of Ska3, which 
is required for congression (Abad et al., 2016; Jeyaprakash et al., 2012), 
the Ska complex likely contributes to kinetochore function independently of 
PP1 loading. Thus, we propose a model in which excess pulling force at the 
leading kinetochore leads to the mechanical failure of the attachment in 
Ska1 depleted cells.  
 
6.3 Integrating the Ska complex, CENP-F, CENP-E and MCAK in 
DCP 
 
Our data clearly show that the Ska complex is not essential for congression 
per se, since the majority of kinetochores successfully align at the spindle 
equator in its absence. Presumably, kinetochores are congressing by other 
mechanisms, such as CENP-E-dependent lateral sliding, instantaneous bi-
orientation or through contributions from other redundant factors (Kapoor et 
al., 2006; Magidson et al., 2011). In this regard, we show that CENP-F is 
also involved in load bearing – although this activity appears to contribute 
significantly less than the Ska complex. Mechanistically, CENP-F likely 
!utilises its amino-terminal microtubule-binding domain, which has been 
shown to preferentially bind to curved microtubule structures (Volkov et al., 
2015) (Fig 33). In addition, CENP-F may bind the microtubule lattice via its 
C-terminus, and utilise a biased diffusion to track the depolymerising plus-
end (Volkov et al., 2015), as suggested for the Ndc80 complex (Powers et 
al., 2009) (Fig 34). Interestingly, these biased-diffusion and protofilament 
binding pathways are not independent, as Ndc80 contributes to Ska 
complex loading (Zhang et al., 2012), and Ska acts as a processivity factor 
for Ndc80 in vitro (Schmidt et al., 2012). Future work using separation of 
function mutants in Ndc80 and CENP-F, alongside the in vitro reconstitution 
of these factors on dynamic microtubules will be required to determine their 
relative contribution to chromosome movement.  
While the Ska complex and CENP-F are involved in the formation of load-
bearing microtubule attachment, our data rule out a role for CENP-E motors 
in DCP. However, we do find that depletion of CENP-E, like MCAK, 
interferes with force-generation at bi-oriented kinetochores (inferred from 
the slowing of kinetochore motion when CENP-E or MCAK are depleted) 
(Fig 29). Moreover, this reduction in force following CENP-E depletion (or 
MCAK) is sufficient to reduce the frequency of kinetochore detachment in 
Ska depleted and control cells. The slowing of kinetochore movement 
following depletion of MCAK most likely reflects loss of its depolymerase 
activity (Hunter et al., 2003) and subsequent changes to the balance of 
microtubule polymerisation between the leading and trailing sister 
!kinetochores (Armond et al., 2015).  On the other hand, it is unclear why a 
plus-end directed motor such as CENP-E would influence DCP, although it 
may reflect direct regulation of microtubule polymerisation (Sardar et al., 
2010), and/or recruitment of CLASP proteins (Maffini et al., 2009). 
Nevertheless, this role of CENP-E in DCP is consistent with previous work 
showing that CENP-E is required for mono-oriented kinetochores to track 
shrinking astral-microtubules (Gudimchuk et al., 2013). It is tempting to 
speculate that the requirements for CENP-E at end-on attached 
kinetochores are influenced by attachment state (mono- vs. bi-oriented) 
and/or spatial position within the spindle. Indeed, the role of CENP-E in 
lateral sliding is proposed to be phospho-regulated in a spatially dependent 
manner (Kim et al., 2010).   
Interestingly, we also confirm here that CENP-E requires CENP-F for 
kinetochore–binding (Bomont et al., 2005). This loss of CENP-E and the 
resulting slowing of kinetochore movement may well be limiting the 
observed effect of CENP-F depletion at end-on attached kinetochores. 
Importantly, all these phenotypes are distinct from depletion of the 
microtubule-binding CCAN subunit CENP-Q (Bancroft et al., 2015) or 
inactivation of Aurora-B kinase activity (this study) (Fig 33). In both cases 
the kinetochores can bi-orientate but are unable to initiate movement, 
suggesting problems in regulation of microtubule dynamics (and force 
generation). Overall, monitoring the fates of kinetochores using live cell 
imaging takes the field beyond the generic “congression problem” 
!phenotype, and allows much more specific functions to be assigned to 
kinetochore and spindle factors. The challenge is going to be untangling the 
hierarchical dependencies that are evident and how the phosphorylation of 
many factors modulates their activities during DCP. 
 
6.4 Phosphorylation of CENP-Q serine 50 is essential for 
chromosome congression 
 
Previous work from the McAinsh lab implicated CENP-Q in a force 
generation step at end-on attached kinetochores (Bancroft et al., 2015). 
However, this observation was confounded by the simultaneous loss of 
other CENP-O subcomplex members and Plk1 from CENP-Q depleted 
kinetochores. Our observation that a non-phosphorylatable mutant of 
CENP-Q serine 50 fails to rescue the CENP-Q depletion phenotype, 
despite being properly loaded to kinetochores, raises two key points; (1) the 
role of CENP-Q in congression is distinct from its structural roles in the 
kinetochore, and (2) phosphorylation of CENP-Q at S50 is critical for this 
function in congression (Fig 33). Given that CENP-E is also lost of cells 
rescued with CENP-Q S50A, it is tempting to speculate that 
phosphorylation at this site directly licences the binding of CENP-E to 
CENP-Q. However, CENP-E remains bound in cells depleted of CENP-L or 
CENP-H, factors that are required for CENP-Q recruitment to the 
!kinetochore (Amaro et al., 2010; McCleland et al., 2007). Moreover, the 
loss of CENP-E from CENP-Q depleted kinetochores is partially rescued by 
treatment with nocodazole, suggesting that microtubules are required for 
CENP-E unloading (Bancroft et al., 2015). As such, a more likely 
mechanism is that CENP-Q regulates microtubule dynamics to permit 
CENP-E loading, an idea that is supported by observations of direct 
microtubule binding by the CENP-O complex (Amaro et al., 2010; Zhu et 
al., 2013). Moreover, this would account for the reported CENP-E 
independent role of CENP-Q in force generation during DCP (Bancroft et 
al., 2015). How phosphorylation at S50 affects the microtubule binding 
activity of CENP-Q, and what kinase targets S50 are key further questions. 
With respect to the latter, the most likely candidate is the CENP-U bound 
pool of Plk1. However, despite CENP-Q being a target of Plk1 in vitro 
(Kang et al., 2011b), stable isotope labelling by amino acids in cell culture 
(SILAC) experiments demonstrated that S50 was not sensitive to depletion 
or inhibition of Plk1 (Santamaria et al., 2011). Future work that combines 
phospho-specific antibody staining with small molecule inhibitors in vivo will 
undoubtedly shed light on the kinase. Moreover, such staining would also 
provide insight into the temporal regulation of this phosphorylation at 
specific kinetochore sub-groups, an event that may specifically licence 
CENP-Q mediated force-generation in defined spindle regions.  
 
 
!6.5 The contribution of flipping to wild-type congression 
 
During our initial analysis of DCP behaviour, we unexpectedly found that 
wild-type kinetochore-pairs have a ~20% baseline level of flipping. In 
addition, flipping could be observed in unperturbed RPE1 cells, however, at 
a much lower rate due to the accelerated speed of prometaphase and the 
reported instantaneous bi-orientation of sister-pairs following NEB 
(Magidson et al., 2011). Nevertheless, these data demonstrate that flipping 
is a normal step in chromosome congression. This raises the question, how 
could the detachment of a kinetochore from its associated K-fiber be 
beneficial? Such metastable attachments seem counter intuitive, as one 
would expect robust attachments to prevent the deleterious loss of 
chromosomes. However, if attachments were too tight it may prevent the 
correction of merotely, as Aurora B phosphorylation of attachment proteins 
may not sufficiently reduce microtubule affinity at the erroneous site. 
Therefore, flipping could simply be the consequence of this affinity trade off. 
Another idea is based on the observation that the Ska complex is 
progressively recruited to bi-oriented kinetochores as they congress from 
an unaligned to an aligned position. This shows that once kinetochores bi-
orient they progressively load Ska complexes in a maturation step that 
depends on active congression (Fig 34). We propose that this is to 
accommodate for the increased pulling forces the kinetochore would 
experience as the K-fiber increases in microtubule number and undergoes  
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Figure 34: A model for bi-oriented kinetochore maturation and attachment regulation
during congression
Behind the pole, the canonical Aurora B error correction pathway destabilizes erroneous attachments 
(such as syntelic) in response to a lack of tension, promoting the formation of bi-oriented attachments. 
These unaligned bi-oriented kinetochore pairs then utilise DCP to congress to the spindle equator. 
During this migration each kinetochore progressively loads the Ska complex and recruits microtubules, 
reaching full maturity once at the metaphase plate. This progressive Ska complex recruitment confers 
increasing load-bearing capacity on the structure, enabling kinetochores to efficiently track the 
depolymerising K-fiber microtubules, which are increasing in number and stability.  These unaligned, 
immature kinetochore-pairs also signal the SAC during congression, therefore creating a ‘wait 
anaphase’ signal until all chromosomes have aligned. We propose that this maturation is part of a 
mechanical microtubule attachment self-check. If the kinetochore does not recruit sufficient Ska 
complexes (which is required for load-stable attachment) it will detach from its associated 
K-fiber. The casues the cell to arrested in prometaphase through the SAC, enabling the kinetochore-
pair to reattach and fully mature prior to alignment. This would ensure that only load-stable, and 
therefore anaphase compatible, kinetochore-pairs reach the metaphase plate.
!periods of coherence. Slow maturation would therefore decrease the load-
bearing capacity of the structure, and may lead to detachment (Fig 34). 
These mechanics would therefore only allow for mature kinetochores, in 
terms of Ska complex number and bound microtubules, to persist through 
to anaphase, as those that flip would activate the SAC. Indeed, flip events 
in wild-type cells are typically followed by attachment and successful 
congression, whereas in Ska1 depleted cells, kinetochores are trapped in a 
futile detachment-reattachment-detachment cycle that prevents mitotic 
progression. Thus, episodes of detachment-attachment in wild type cells 
may represent some kind of mechanical self-check on the attachment (Fig 
34). Developing the tools to monitor maturation state and microtubule 
occupancy at actively congressing kinetochores will be vital for further 
validation of this model.  
Our data also suggests that the Ska complex has a bimodal recruitment 
pathway. In terms of temporal organisation, we suggest that Ndc80 loads 
an initial pool to unattached sister-pairs (Zhang et al., 2012), and upon bi-
orientation and congression via DCP, additional Ska complex are ‘swept-
up’ from the microtubule lattice. Future experiments in which the movement 
of K-fibre associated Ska complex is followed using photo-activatable 
flurophores can be used to directly test this idea. Moreover, correlating 
kinetochore movement directionality with Ska complex enrichment would 
show if K-fiber tracking is indeed responsible for its loading. As one would 
expect P-movement to be associated with complex recruitment.   
!How these newly loaded complexes are retained at the kinetochore is also 
unclear, as overexpression of Ska1∆MTBD, which is loaded to kinetochores 
but not the spindle, cannot push Ska1 recruitment to a level beyond that 
observed for endogenous Ska complex in nocodazole. This suggests that 
the cytoplasmic pool of the Ska complex is not limiting its microtubule 
independent recruitment by Ndc80. Instead, this Ndc80 loading pathway 
appears to be saturated. As such, the Ska complex may have an additional 
interaction partner(s) at the kinetochore, or its oligomerisation at the 
kinetochore may be key for complex retention. This model also predicts that 
kinetochores congressing via CENP-E sliding would be Ska immature but 
located within the metaphase plate. In agreement, we do observe aligned 
kinetochores with low Ska1 levels. Analysis of the microtubule attachment 
state at these aligned, Ska1 immature kinetochore-pairs using correlative 
light electron microscopy will be key in determining if this is true.  
The loss of attachment during flipping, in theory, reverts the kinetochore to 
a completely immature state. In this regard, we have shown that unaligned 
non-bi-oriented sister-pairs have roughly half the number of Ska complexes 
compared to their bi-oriented counterparts, and ~75% less than those 
aligned and bi-oriented. As such, it will be important to assess how the 
maturation status of these flipping kinetochores changes after detachment. 
One would predict that the RZZ pathway of SAC activation would be 
reactivated, as the microtubule-dependent dynein silencing pathway would 
be abrogated. Whether the Ska complex is subsequently unloaded is an 
!open question, however, given that its maturation is key for successful 
congression, its removal from the kinetochore would seem 
disadvantageous. This idea also raises questions about how maturation is 
linked to microtubule occupancy, and if bi-orientation induces irreversible 
structural changes in the kinetochore that allow for the maintenance of 
maturation in a microtubule independent manner. 
 
6.6 Linking Ska complex maturation to SAC signalling 
 
Our data provides evidence that immature (judged by Ska1 loading) bi-
oriented kinetochores can generate a SAC signal (shown through Bub1 
loading). Importantly, this signal is not linked to congression, as Ska1 
mature kinetochores, regardless of spindle position, typically have low 
Bub1. However, given that Ska1 matures as chromosomes congress, the 
unloading of Bub1 often correlates with alignment at the metaphase plate. 
This behaviour is kinetochore autonomous, with individual sisters within a 
pair often observed with opposite Ska1/Bub1 loading profiles. Suggesting 
that kinetochores do not communicate their maturation or SAC state to their 
sister, and the dynamics of both are likely regulated by microtubule binding 
at the single kinetochore level. Recently, it has been suggested that two 
kinetochore state dependent SAC pathways operate to ensure a robust 
wait-anaphase signal is produced (Silio et al., 2015). Here, the RZZ 
pathway loads Mad1:Mad2 to unattached kinetochores, whereas the KBB 
!pathway loads Bub1:Bub3 to kinetochores that are oriented but unaligned 
(which are analogous to the immature bi-oriented reported here). The 
relationship between Ska1 maturation and Bub1 loading provides 
compelling further evidence that the KBB pathway operates downstream of 
bi-orientation to generate a SAC signal when kinetochores are immature 
(Fig 34). This idea that may explain why cells delay anaphase until all 
chromosomes are aligned, even when unaligned kinetochores are bi-
oriented, as these would be immature and therefore generate an 
attachment independent SAC signal. It will be important to test Mad2 levels 
at these immature bi-oriented kinetochores, as previous work has 
suggested that it is unloaded as soon as the K-K axis orients along the 
spindle axis (Magidson et al., 2015). Nevertheless, is has been shown that 
high steady-state Mad1:Mad2 is not required for SAC signalling, and a 
robust ‘wait-anaphase’ signal can be generated by non-detectable levels of 
the complex (Martin-Lluesma et al., 2002). While it is very unlikely that Ska 
complex maturation and SAC signalling are causally linked, they may share 
a common molecular signal, such as microtubule occupancy or another 
factor that displays maturation dependent dynamicity.   
 
6.7 Conclusion and future directions 
 
From its origins in the polar repulsion and traction fiber models, 
congression can now be though of as a multi-step process that involves an 
!array of spindle positions, attachments states and molecular mediators. 
Here, we have focused on bi-oriented chromosomes utilising 
depolymerisation-coupled pulling to congress to the equator. By employing 
single-kinetochore tracking with specific molecular perturbations, we have 
assigned precise functions to individual kinetochore components. How 
these factors are integrated at the microtubule plus-end, how they are 
temporally phospho-regulated, and how they are conserved across multiple 
cell types are key further questions.  
While it is clear that two congression mechanisms exist, the relative 
contributions of these processes are still poorly understood in the context of 
pole-to-plate movement. As such, identifying direct markers of lateral and 
end-on attachment states that can be followed in live cells will greatly 
improve our understanding. Such markers will likely be associated with the 
precise molecular alterations induced by the formation of a stable end-on 
attachment. How these changes occur, and whether they be structural, 
dependent on tension, or biochemical signals will be influential not only in 
our understanding of congression, but contribute to models of maturation, 
error correction and checkpoint signalling. All of which need to be tightly 
regulated to ensure the error free transmission of genetic material. 
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!Appendix 1 
 
A1 Kinetochore ultrastructure  
 
A1.1 The centromere 
 
Kinetochores are assembled on a chromosomal location classically 
described as a region of suppressed meiotic recombination (Beadle, 1932), 
which has come to be defined as the primary constriction of mitotic 
chromosomes, or centromere (Fukagawa and Earnshaw, 2014).  
Genetically, humans have a regional centromere, composed of an array of 
a 171 base-pair sequence termed α-satellite DNA (Manuelidis, 1978a; 
Manuelidis, 1978b). These monomers are arranged linearly, forming higher 
order repeat structures that are key for centromere function (Masuoto et al., 
1998). In agreement, expression of cloned α-satellite DNA enabled linear 
minichromosomes to be stably inherited through multiple cellular 
generations in human cells (Harrington et al., 1997). However, while 
contributing to centromeric activity, these α-satellite arrays are not sufficient 
for centromere function.  Instead, an epigenetic mark conferred by 
nucleosomes containing the histone variant centromere protein (CENP) –A 
(Earnshaw and Rothfield, 1985; Palmer and Margolis, 1985; Palmer et al., 
1990; Palmer et al., 1991; Palmer et al., 1987; Sullivan et al., 1994) 
primarily dictates centromere functionality. Consistent with this idea, CENP-
A is found at active centromeres of dicentric chromosomes (Earnshaw and 
!Migeon, 1985), all identified neocentromeres (Marshall et al., 2008), and is 
essential for the loading of all known kinetochore components (Fachinetti et 
al., 2013; Liu et al., 2006). CENP-A is deposited within the centromeric 
region by a dedicated histone chaperone, HJURP (holiday junction 
recognition protein) (Bassett et al., 2012; Hu et al., 2011; Shuaib et al., 
2010), and the three-subunit Mis18 complex (consisting of MIS18α, MIS18β 
and MIS18-binding protein 1) (Fujita et al., 2007; Hayashi et al., 2004; 
Maddox et al., 2007) in a manner that is dependent on cyclin-dependent 
kinase (CDK) (Silva et al., 2012) and polo-like kinase (Plk) 1 (McKinley and 
Cheeseman, 2014) activity. Centromeric DNA binding is mediated by the 
CENP-A targeting domain (CATD), which is located within the first loop and 
second helix of the histone fold domain (Black et al., 2007). Once loaded, 
CENP-A is remarkably stable, and does not exchange with the cytoplasmic 
pool (Bodor et al., 2014). 
 
A1.2 The core constitutive centromere associated network  
 
The role of CENP-A as the foundation for kinetochore assembly depends 
upon its interaction with several members of the core constitutive 
centromere associated network (CCAN), namely CENP-C, CENP-T and 
CENP-N. CENP-C is the largest CCAN subunit (~106kDa), and has been 
suggested to be the blueprint for kinetochore assembly (Klare et al., 2015). 
This is based on the correlation between the binding sites for other 
!kinetochore components along the CENP-C primary sequence and their 
position relative to the inner kinetochore. In this regard, a central motif 
promotes docking to CENP-A, an interaction that is dependent on both the 
CATD and C-terminus of CENP-A (Carroll et al., 2010; Kato et al., 2013; 
Logsdon et al., 2015; Tachiwana et al., 2015; Westhorpe et al., 2015), the 
latter interacting with an aromatic dipeptide on the CENP-C C-terminus 
(Kato et al., 2013). Upstream of this region are the binding sites for the 
CENP-H/I/K/M complex and CENP-L/N (Klare et al., 2015; McKinley et al., 
2015; Milks et al., 2009; Nagpal et al., 2015), which are predominantly 
members of the extended CCAN (see below). Finally, the N-terminal region 
directly interacts with the Mis12 complex (Przewloka et al., 2011; Screpanti 
et al., 2011), which is a scaffold for outer kinetochore assembly (see 
below). Consistent with a blueprint role in vivo, CENP-C is recruited to 
CENP-A nucleosomes independently of all CCAN components in mitosis 
(Basilico et al., 2014; Klare et al., 2015), and depletion of CENP-C results 
in the significant reduction or loss of all CCAN components from the 
kinetochore (Basilico et al., 2014; Carroll et al., 2010; Gascoigne et al., 
2011; Klare et al., 2015; Tanaka et al., 2009). In addition to CENP-C, the 
CATD is also required for the loading of CENP-N (Carroll et al., 2009). This 
interaction is cell cycle specific, as an RG loop (Arg80/Gly81) within the 
CATD that is key for the CENP-A-CENP-N interaction is obscured until the 
centromeric chromatin switches to an open state during the G1/S transition 
(Fang et al., 2015). It must be noted however, that CENP-N and CENP-C 
!are not sufficient to build a kinetochore, as ectopic CENP-A incorporation 
into chromosome arms, while recruiting CENP-C and CENP-N, loads no 
other kinetochore components (Gascoigne et al., 2011). Instead, CENP-T, 
which binds the N-terminus of CENP-A downstream of CENP-C (Folco et 
al., 2015; Logsdon et al., 2015), has emerged as a critical bridge between 
CENP-A and the CCAN. In this regard, ectopic localisation of the N-termini 
of CENP-T and CENP-C to chromatin in human cells is sufficient to build a 
pseudokinetochore, which can interact with microtubules and facilitate 
chromosome segregation (Gascoigne et al., 2011). The roles of CENP-T 
are thought to be carried out in complex with CENP-W, CENP-S and 
CENP-X. CENP-T and CENP-W dimerise, and CENP-S and CENP-X form 
a heterotetramer via the interaction of histone fold domains in each protein 
(Nishino et al., 2012). Moreover, CENP-T/W and CENP-S/X can form a 
heterotetrameric complex that can supercoil DNA in a manner reminiscent 
of nucleosomal histones, raising the possibility that CENP-T/W/S/X acts as 
another chromatin bound foundation for kinetochore assembly (Nishino et 
al., 2012). In terms of hierarchy, CENP-T or CENP-W deficient cells fail to 
recruit CENP-S/X (Hori et al., 2008a), whereas depletion of CENP-S or 
CENP-X has no effect on CENP-T loading (Amano et al., 2009). Indeed, 
CENP-S/X requires the additional presence of CENP-K for kinetochore 
localisation, but CENP-T does not (Amano et al., 2009; Hori et al., 2008a). 
This suggests that CENP-T may bind DNA independently, and in 
cooperation with other factors facilitate the loading CENP-S/X to form the 
!CENP-T/W/S/X complex. In addition, it remains possible that 
subpopulations of CENP-T/W and CENP-S/X function independently of 
CENP-T/W/S/X (Westhorpe and Straight, 2013). Nevertheless, all CENP-A 
interacting members of the CCAN have been shown to either directly or 
indirectly interact with one another, suggesting that the core CCAN may 
form a stable, cooperative complex around the CENP-A nucleosome 
(Pesenti et al., 2016).  
 
A1.3 Building the extended CCAN 
 
Built upon the core CCAN is a series of factors known as the extended 
CCAN, which consists of CENP-L, the CENP-HIKM complex and CENP-O 
subcomplex (consisting of CENPs-O/P/Q/R/U) (Basilico et al., 2014; Hori et 
al., 2008b; Perpelescu and Fukagawa, 2011). Over the past decade, 
significant analysis of biochemical interactions and depletion phenotypes 
has begun to untangle the interdependencies and relationships between 
these CCAN components. In this regard, CENP-L and CENP-HIKM appear 
to be upstream of the CENP-O subcomplex, and, somewhat unexpectedly, 
display multiple centromere localisation routes. First, CENP-N, whose 
depletion significantly impairs kinetochore function (Carroll et al., 2009; 
Foltz et al., 2006; McCleland et al., 2007), contributes to CENP-HIKM 
loading through a mechanism dependent on the direct interaction of CENP-
N with an intermediary molecule, CENP-L (Carroll et al., 2009; Foltz et al., 
!2006; Okada et al., 2006). Second, recent work on the ‘kinetochore 
blueprint’ factor CENP-C has identified a PEST domain located within its N-
terminal half as an interaction domain for CENP-HIKM (Klare et al., 2015). 
These CENP-N/L and CENP-C localisation routes for CENP-HIKM are not 
independent, as in vitro reconstitution of the mammalian kinetochore 
revealed the existence of the CENP-CHIKMLN complex (Weir et al., 2016), 
which stably binds CENP-A nucleosome. In addition to these interactions, it 
is suggested that CENP-C contributes to CENP-HIKM loading via CENP-T, 
as depletion of CENP-C in interphase resulted in a 75% reduction in 
kinetochore bound CENP-T/W (and a 80% reduction in CENP-HIKM) (Klare 
et al., 2015). Nevertheless, the residual CENP-C independent pools of 
CENP-T/W and CENP-HIKM suggest the presence of multiple recruitment 
pathways that originate from distinct scaffolds on the CENP-A nucleosome. 
In this regard, the histone fold domains that allow for CENP-T/W 
dimerization have also been shown to promote binding to CENP-HIKM 
(Basilico et al., 2014; Hori et al., 2008a; Nishino et al., 2013). This 
interaction appears to be independent of its tetramerisation partner CENP-
S/X, as depletion of CENP-T/W significantly impairs kinetochore assembly, 
whereas depletion of CENP-S/X does not (Amano et al., 2009). Thus, the 
core CCAN possesses multiple linkages to the extended CCAN member, 
CENP-HIKM. Moving further downstream, CENP-HIKM is implicated in the 
centromere localisation of the CENP-O subcomplex, potentially via the 
interaction of CENP-K with CENP-O (Eskat et al., 2012; Okada et al., 
!2006). Consistent with CENP-O/P/Q/R/U forming a stable complex at the 
terminus of the extended CCAN, CENP-O depletion specifically impairs 
CENP-P/Q/R/U localisation, while leaving other CCAN members bound at 
the centromere (Bancroft et al., 2015; Foltz et al., 2006; Hori et al., 2008b; 
Okada et al., 2006). Additionally, the CENP-O subcomplex is required for 
the kinetochore targeting of non-CCAN proteins Plk1(Bancroft et al., 2015; 
Park et al., 2015) and CENP-E (Bancroft et al., 2015), via a phospho-
regulated interaction with CENP-U and a currently unknown mechanism, 
respectively.  
 
A1.4 Recruitment of the KMN network by CCAN components 
  
Unlike the core and extended CCAN components, outer kinetochore 
proteins are only recruited to the centromere during mitosis, and confer 
several key properties to the structure; (1) attach to spindle microtubules, 
(2) regulate microtubule attachment such that erroneous attachments are 
destabilised and bi-orientation is promoted, and (3) signal the attachment 
status of all kinetochores to delay anaphase onset until all chromosomes 
are bi-oriented and aligned at the spindle equator. Specifically, two core 
CCAN components, CENP-T and CENP-C, recruit the primary outer 
kinetochore and microtubule-binding factor, the 10 subunit KMN network 
(consisting of the Knl1 complex: Knl1, Zwint, the Ndc80 complex: Ndc80, 
Nuf2, Spc24, Spc25, and Mis12 complex: Nsl1, Nnf1, Dsn1, Mis12). In 
!humans, flies and frogs, CENP-C is the primary node for KMN loading 
(Milks et al., 2009; Przewloka et al., 2011; Screpanti et al., 2011). An N-
terminal 21 amino acid fragment of CENP-C interacts with the Mis12 
complex, and a 71 amino acid fragment that fails to associate with 
kinetochores perturbs the centromeric targeting of the Mis12 complex and 
Knl1(Screpanti et al., 2011). This is important, as the Mis12 complex is 
known as the ‘hub’ of the KMN network (Petrovic et al., 2010), as it 
interacts with both the Ndc80 and Knl1 complexes via adjacent binding 
sites located at opposite ends of the complex. Specifically, this involves 
short linear motifs located on the Nsl1 and Dsn1 subunits, which interact 
with RWD domains located on the Ndc80 components Spc24 and Spc25, 
as well as the C-terminus of the Knl1 complex subunit Knl1 (Ciferri et al., 
2008; Kiyomitsu et al., 2010; Malvezzi et al., 2013; Nishino et al., 2013; 
Petrovic et al., 2014; Petrovic et al., 2010; Wei et al., 2006). Importantly 
however, the CENP-C truncation mutant that prevented kinetochore 
recruitment of the Mis12 complex and Knl1 only partially disrupted Ndc80 
binding, suggesting that additional pathway(s) contributed to KMN 
formation (Screpanti et al., 2011). Indeed, complete outer kinetochore 
assembly requires the N-terminal tail of CENP-T, which interacts with the 
RWD domains of Spc24 and Spc25 in a Cdk1 dependent manner 
(Gascoigne et al., 2011; Malvezzi et al., 2013; Nishino et al., 2013; Rago et 
al., 2015; Schleiffer et al., 2012; Suzuki et al., 2015). Moreover, CENP-T 
and the Mis12 complex bind competitively to the RWD domains of the 
!Ndc80 complex (Malvezzi et al., 2013; Nishino et al., 2013), and therefore 
form two independent recruitment arms. In cells, these arms appear to be 
saturated, as depletion of either significantly perturbs Ndc80 kinetochore 
levels (Gascoigne et al., 2011; Kim and Yu, 2015; Rago et al., 2015; Suzuki 
et al., 2015). In summary, kinetochores possess at least two pathways for 
KMN network assembly, which either directly or indirectly link microtubule 
binding to centromeric DNA and are regulated in a manner that allows cell 
cycle specific activation.  
 
A1.5 Dynamics of the CCAN and KMN 
 
Both the CCAN and KMN display cell cycle and mitotic stage dynamicity. 
While described as constitutive, the CCAN changes in both composition 
and turnover kinetics during the cell cycle, with differences primarily being 
reported between S and M phases. In this regard, fluorescence recovery 
after photobleaching experiments (FRAP) demonstrated that CENP-C and 
CENP-H are stabilised in S-phase (Hemmerich et al., 2008), a time at 
which CENP-N is also enriched (Hellwig et al., 2011; McCleland et al., 
2007). Moreover, CENP-O is loaded to centromeres during DNA replication 
(Eskat et al., 2012), which subsequently recruits other members of the 
CENP-O subcomplex that have individual residency kinetics (Eskat et al., 
2012). A key question here is do these changes alter centromere function? 
In the case of CENP-N, it binds CENP-A in the same region as the 
!deposition factor HJURP (Bassett et al., 2012; Carroll et al., 2010), 
suggesting that HJURP associated with newly recruited CENP-A may 
abrogate CENP-N binding. In agreement, the reduction in centromeric 
CENP-N correlates with the timing of new CENP-A incorporation. 
Moreover, certain hierarchical relationships within the kinetochore appear 
to be cell cycle dependent. Indeed, CENP-H and CENP-K knock-out 
chicken DT40 cells mislocalise CENP-C in interphase but not in mitosis, 
suggesting the CCAN reorganises during cell cycle progression (Fukagawa 
et al., 2001; Zhang et al., 2007). More recently, work in Xenopus extracts 
has identified an expandable kinetochore module, which may be involved in 
microtubule capture (Wynne and Funabiki, 2015). Here, the loading of 
CENP-C to the expandable module was dependent upon CENP-E, a 
relationship that is not conserved in the ‘traditional’ pathway of CCAN 
assembly.  The authors suggest that this dependency enables the 
relocation of CENP-C away from the inner kinetochore during early 
prometaphase, where it can carry out additional functions. However, upon 
microtubule attachment it is retracted into the core region, where it binds 
CENP-A nucleosomes and performs its well-established structural roles 
(Wynne and Funabiki, 2015). It must be noted that this dramatic expansion 
is not observed in human retinal pigment epithelial (RPE) 1 cells (Magidson 
et al., 2015). However, the KMN component Ndc80 does form an elongated 
structure at unattached kinetochores, and this correlates with an increase in 
outer-kinetochore volume (using CENP-F as a marker) (Magidson et al., 
!2015). In agreement with the Xenopus model, these structural changes 
were shown to be important for microtubule capture. Thus, the kinetochore 
displays attachment dependent gross structural variation, which is key for 
microtubule capture during prometaphase. End-on attachment and the 
application of force are also thought to alter the separation of kinetochore 
subunits along the sister-pair axis. Using sub pixel measurements to 
determine the distance between two fluorescently labelled kinetochore 
components (termed delta ∆), it was suggested that microtubule attachment 
induces intra-kinetochore ‘stretch’ (Maresca and Salmon, 2009; Suzuki et 
al., 2014; Suzuki et al., 2011; Uchida et al., 2009). Moreover, this stretch 
was shown to be kinetochore autonomous, changing on whether the sister 
was moving towards its attached pole (P movement) or away from its 
attached pole (AP movement) (Dumont et al., 2012). Despite gaining some 
traction, recent work evaluating the methodology used to calculate ∆ has 
suggested that the kinetochore is far more rigid than previously thought 
(Smith et al., 2016; Suzuki et al., 2014). Smith and colleagues 
demonstrated that microtubule attachment and movement direction had 
only a small effect on ∆ (5-15nm). Instead, the kinetochore behaved as a 
ball-and-socket joint, where KMN components could ‘swivel’ around the 
CCAN (Smith et al., 2016). This swivel had not previously been taken into 
account, and was demonstrated to confound the measurement of ∆ at 
unattached kinetochores using the previous 1D method, which involved the 
projection of both kinetochore labels into the same plane (Smith et al., 
!2016). Nevertheless, current analysis is limited to relatively few kinetochore 
components, and a more comprehensive analysis of subunit behaviour is 
needed to determine if any compliant linkages exist. In summary, the CCAN 
and KMN are not static units, instead, they display highly dynamic 
behaviours that are dependent on both cell cycle stage and microtubule 
occupancy at the kinetochore.  
 
A1.6 KMN dependent loading of outer-kinetochore complexes 
 
Despite containing the major microtubule-binding site within the 
kinetochore, several properties conferred by the KMN network are done so 
indirectly, via the recruitment of additional complexes. In this regard, the 
Ndc80 complex subunit Ndc80/Hec1 contributes to the kinetochore loading 
of the Ska complex (Zhang et al., 2012). This is dependent upon the Ndc80 
loop region, a break in the 55nm antenna like coiled coil that links the 
microtubule binding and Mis12 interacting domains (Zhang et al., 2012). 
The Ska complex is made of Ska1, Ska2 and Ska3/RAMA1 (Hanisch et al., 
2006; Raaijmakers et al., 2009; Theis et al., 2009), whose interaction forms 
a heterotrimer consisting of two roughly perpendicular bundles, each made 
of three parallel helices (Jeyaprakash et al., 2012). Two heterotrimers bind 
via the short N-terminal bundle in a face-to-face configuration, forming a W 
shaped homodimer (Jeyaprakash et al., 2012). The Ska complex 
possesses two microtubule-binding sites, located at the C-termini of Ska1 
!and Ska3, which protrude from the open face of the dimer (Abad et al., 
2014; Abad et al., 2016; Jeyaprakash et al., 2012; Schmidt et al., 2012). In 
addition to its role in kinetochore-microtubule coupling (see below for 
discussion), the Ska1 microtubule binding domain (MTBD) has been 
proposed to act as a structural platform for protein phosphatase 1 (PP1) 
recruitment, despite lacking any canonical PP1 interaction motifs 
(Sivakumar et al., 2016).  
More recently, the KMN network has been implicated in the recruitment of 
another microtubule binding complex, the Astrin/SKAP complex (consisting 
of Astrin, the dynein light chain LC8, and the small kinetochore associated 
protein SKAP/KNSTRN) (Dunsch et al., 2011; Fang et al., 2009; Schmidt et 
al., 2010). SKAP directly binds to the C-terminus of Dsn1 (Mis13), a 
component of the Mis12 complex (Wang et al., 2012). This interaction is 
proposed to mediate Astrin/SKAP complex recruitment to the kinetochore, 
however, this is yet to be convincingly demonstrated in vivo. This is 
because binding of the Astrin/SKAP complex to the kinetochore is 
dependent on microtubule occupancy (Schmidt et al., 2010), therefore, 
interpretation of Astrin/SKAP loss from Dsn1 depleted kinetochores is 
confounded by the simultaneous perturbation of microtubule attachment. 
This story is further complicated by the discovery of an M-phase specific 
short SKAP isoform, which, unlike the long isoform that has been the focus 
of all previous work, can efficiently rescue the SKAP siRNA phenotype in 
!HeLa cells (Kern et al., 2016). Thus, significantly more work is required to 
untangle the Astrin/SKAP loading pathway. 
In addition to microtubule interaction, a key challenge faced by mitotic cells 
is how to delay anaphase onset until all chromosomes are bi-oriented and 
aligned at the spindle equator. This problem is overcome by the spindle 
assembly checkpoint (SAC), a complex, phospho-regulated signalling 
cascade that originates from the KMN network of unattached kinetochores 
(London and Biggins, 2014b; Musacchio, 2015). Two semi-distinct 
pathways generate the SAC signal, one associated with Knl1 (Knl1 Bub1 
Bub3 / KBB pathway), and the other the RZZ complex (RZZ pathway, see 
below for a description of SAC signalling) (Silio et al., 2015). In terms of 
SAC organisation at the kinetochore, the Ndc80 complex calponin 
homology (CH) domain directly binds the kinase Mps1 (Dou et al., 2015; 
Hiruma et al., 2015; Kemmler et al., 2009; Zhejian et al., 2015; Zhu et al., 
2013), which phosphorylates Knl1 at several Met-Glu-Leu-Thr (MELT) 
motifs (London et al., 2012; Shepperd et al., 2012; Yamagishi et al., 2012). 
These phosphodomains then provide the docking site for the hierarchical 
recruitment of major SAC effectors, Bub3, Bub1, BubR1, Mad1 and Mad2 
(Kiyomitsu et al., 2007; Krenn et al., 2014; London and Biggins, 2014a; 
Moyle et al., 2014; Overlack et al., 2015; Primorac et al., 2013; Sharp-
Baker and Chen, 2001; Shepperd et al., 2012; Vleugel et al., 2015; Vleugel 
et al., 2013; Yamagishi et al., 2012; Zhang et al., 2014). In metazoans, the 
RZZ complex (consisting of Rod, Zeste White 10 (ZW10) and Zwilch) also 
!contributes to Mad1:Mad2 loading (Buffin et al., 2005; Kops et al., 2005), 
an interaction that may depend on spindly (Yamamoto et al., 2008), which 
binds downstream of RZZ in a farnesylation dependent manner (Barisic et 
al., 2010; Chan et al., 2009; Moudgil et al., 2015; Yamamoto et al., 2008). 
Moving further upstream, association of the RZZ complex with kinetochores 
is mediated by the Knl1 complex member Zwint-1, which binds ZW10 
(Cheeseman et al., 2004; Kops et al., 2005; Obuse et al., 2004). Recently, 
Beclin-1, a component of the mammalian phosphatidylinositol-3-kinease 
complex has been suggested to be an additional Zwint-1-RZZ interaction 
partner (Fremont et al., 2013). Beclin-1 directly binds zwint-1 both in vivo 
and vitro, and its depletion in mammalian cells results in the loss of ZW10 
from kinetochores. Importantly, Beclin-1 depletion had no effect on 
kinetochore Zwint-1 levels, and ZW10 depletion did not alter Beclin-1 
recruitment, demonstrating that Beclin-1, in terms of hierarchy, resides 
between Zwint-1 and RZZ (Fremont et al., 2013). Given the current model 
of RZZ loading, it would appear that both SAC pathways share a common 
structural origin, Knl1. However, recent work has demonstrated that the 
RZZ pathway remains functional in cells depleted of Knl1, suggesting the 
existence of a Knl1 independent route for RZZ loading (Silio et al., 2015). In 
summary, the KMN network acts as both a direct microtubule interactor and 
a structural platform. 
 
A1.7 Kinetochore bound dynein and kinesin  
! 
The striking ability of the spindle to self-assemble, dynamically reorganise 
and move chromosomes is highly dependent on the force-generating 
interaction of molecular motors (kinesins and dynein) with microtubules. 
The additive function of these motors in several spindle regions enables a 
series of complex events to be facilitated by the relatively simple behaviour 
of individual motors on microtubules. Here, I will focus on the loading of 
motors to the kinetochore region, discussing those critical for kinetochore 
functionality, namely dynein, Kif18A (a kinesin 8), MCAK (a kinesin-13, also 
known as Kif2C), and CENP-E (a kinesin 7). In terms of congression, these 
motors can be broadly grouped into two categories, those that move 
chromosomes (dynein and CENP-E), and those that regulate microtubule 
dynamics at the kinetochore (MCAK and Kif18A).  
Dynein is a multi-subunit minus-end directed motor that accumulates at 
kinetochores prior to microtubule attachment in prometaphase (Echeverri et 
al., 1996; Pfarr et al., 1990; Steuer et al., 1990). The dynein motor complex 
is built around two heavy chain (DHC) subunits that dimerise via their N-
termini (Urnavicius et al., 2015). The C-terminal two thirds of the DHC 
contains the motor domain, which consists of a characteristic ring of 6 AAA+ 
domains (Carter et al., 2011; Kon et al., 2012; Kon et al., 2011). Emerging 
from the fourth AAA+ domain is a 15nm coiled-coil protrusion termed the 
‘stalk’, which contains the microtubule-binding region (Kon et al., 2012). To 
build the motor complex, each DHC wraps around part of a WD40 domain 
!within the intermediate chain (DIC) subunits (Urnavicius et al., 2015). The 
N-termini of two DICs form an extended region, which binds three light 
chain (DLC) dimers (Benison et al., 2007; Chowdhury et al., 2015; Williams 
et al., 2007). A portion of each DHC also extends past the DICs and binds 
the intermediate light chains (DILC), which are structurally related to Ras G-
proteins (Schroeder et al., 2014). In vivo, this complex associates with the 
essential regulatory cofactor dynactin, a 23-subunit complex built around a 
short actin filament that was originally identified as a dynein transport 
activator (Schroer, 2004). Dynein recruitment to kinetochores occurs via 
two independent pathways, one mediated by the RZZ complex, and other 
by a complex consisting of dynein, a platelet-activating factor LIS1, and the 
nuclear distribution proteins Nde1 and Ndel1. It must be noted, however, 
that the organisation of the latter pathway remains somewhat controversial, 
despite similarities in the mitotic defect observed when Nde1, Ndel1, LIS1 
or DHC are individually depleted (Barisic et al., 2014; Li et al., 2005; 
Raaijmakers et al., 2013; Vergnolle and Taylor, 2007). The presence of 
LIS1 at kinetochores is critical for the loading of dynein (Li et al., 2005), but 
is not required for the association of Ndel1 or Nde1 (Vergnolle and Taylor, 
2007). This suggests that LIS1 is immediately upstream of dynein, and 
potentially down stream of Nde1/Ndel1. However, while some demonstrate 
that Ndel1 loads LIS1 (Liang et al., 2007), and therefore dynein, to 
kinetochores, others show that Ndel1 depletion has no effect on DHC levels 
and dynein recruitment is entirely dependent upon Nde1(Vergnolle and 
!Taylor, 2007). Thus throwing into question the relationship between Ndel1 
and LIS1. Moreover, a recent study demonstrated that depletion of Nde1 or 
Ndel1 either individually or together had only a mild, non-additive effect on 
DHC loading, and this cannot account for the observed reduction in DHC 
after knockdown of LIS1 (Raaijmakers et al., 2013). This is again disputed 
by observations from Nde1/Ndel1 antibody injected in LLC-PK1 cells, 
where dynein was almost completely lost from the kinetochore (Stehman et 
al., 2007). As such, the hierarchy between Nde1/Ndel1 and LIS1 is still 
under debate.  In addition, the fibrous corona component CENP-F has been 
implicated in the recruitment of the dynein/Nde1/Ndel1/LIS1 complex 
(Vergnolle and Taylor, 2007). CENP-F directly binds both Ndel1 and Nde1 
and is required for their kinetochore localisation. Building on this, Vergnolle 
and colleagues suggest that CENP-F acts in a linear pathway that loads 
Nde1 followed by dynein (Vergnolle and Taylor, 2007), however, given the 
contradicting results regarding the dependency of dynein on Nde1, this 
conclusion is uncertain. These inconsistencies may be due to cell type 
specific effects, as most investigations have employed a cell line specific to 
that study. As such, a more detailed analysis, which includes the 
comparison of multiple cell types and the use of mutants deficient in 
specific binding properties is needed to evaluate the true 
Nde1/Ndel1/LIS/dynein loading relationship at the kinetochore. In a 
comparably simplistic model, RZZ is also implicated in the recruitment of 
dynein.  This is mediated via (1), the direct interaction of RZZ with DIC1 
!and the p50/dynamitin subunit of the regulatory dynactin complex (Starr et 
al., 1998; Whyte et al., 2008), and (2) via recruitment of spindly, which is 
required for dynein loading to the kinetochore (Chan et al., 2009).  
CENP-E is a microtubule dependent plus-end directed motor of the kinesin-
7 family (Kim et al., 2008; Wood et al., 1997). Initially, it was demonstrated 
in HeLa cells that CENP-E directly binds the checkpoint protein BubR1 
(Chan et al., 1998), an observation that was later confirmed in Xenopus 
extracts (Mao et al., 2003). In the latter system, this interaction is 
dependent upon the BubR1 kinase domain (Mao et al., 2003), and is 
required for the loading of CENP-E to unattached kinetochores (Chen, 
2002; Mao et al., 2003; Sharp-Baker and Chen, 2001). Despite being 
confirmed in human DLD-1 cells (Johnson et al., 2004), two subsequent 
studies using HeLa cells suggested that BubR1 depletion had no effect on 
CENP-E kinetochore levels (Akera et al., 2015; Lampson and Kapoor, 
2005). Moreover, the role the BubR1 in kinetochore-microtubule 
attachment, which was originally attributed to CENP-E, was shown to be 
dependent on the direct regulation of the phosphatase PP2A-B56α by 
BubR1 (Suijkerbuijk et al., 2012). Interestingly, a recent report has 
implicated another SAC effector, Mad1, in the kinetochore loading of 
CENP-E in HeLa cells (Akera et al., 2015). Mad1 and CENP-E form a 
complex in vivo, and their interaction is dependent upon a (F/L)xxF(I/L/F) 
domain in Mad1 and the kinetochore targeting region of CENP-E. Here, 
depletion of Mad1 resulted in the complete abrogation of CENP-E binding 
!to the kinetochore, an observation that was conserved in yeast (Akera et 
al., 2015). Thus, SAC components are likely required for the loading of 
CENP-E, but the specific interaction factor could be cell type specific.  
In addition to a SAC dependent pathway, several other kinetochore proteins 
directly interact with CENP-E and may facilitate its loading to kinetochores. 
In this regard, CENP-E has been shown to bind Nuf2 (Liu et al., 2007), 
SKAP (Huang et al., 2012) and CENP-F (Chan et al., 1998) both in vivo 
and in vitro. Depletion of CENP-F (Bomont et al., 2005; Johnson et al., 
2004) or Nuf2 (Liu et al., 2007), but not SKAP (Huang et al., 2012), 
significantly reduces the kinetochore levels of CENP-E. Suggesting that the 
latter interaction does not contribute to CENP-E loading in cells. Moreover, 
the Nuf2 dependent pathway is independent from other members of the 
Ndc80 complex, as their depletion has no effect on CENP-E binding (Liu et 
al., 2007). Thus, the direct interaction of CENP-E with CENP-F and Nuf2 is 
required for its recruitment to kinetochores.  
The motor-dependent regulation of microtubule dynamics at the 
kinetochore is facilitated by two key factors, MCAK and Kif18A (see below 
for discussion). Both factors have distinct recruitment pathways, which 
likely reflects the fact that MCAK, unlike Kif18A and the majority of other 
kinesins, is non-motile (Hunter et al., 2003). As such, MCAK must be 
actively loaded to kinetochores, a process that is microtubule independent, 
whereas Kif18A transports itself along the K-fiber, concentrating adjacent to 
at its terminus at the kinetochore (Stumpff et al., 2011). MCAK dynamically 
!localises to the inner centromere on mammalian chromosomes, initially 
occupying a central region similar to Aurora B (see below for discussion), 
and becoming more peripheral after bi-orientation, potentially stretching into 
the kinetochore (Andrews et al., 2004; Lan et al., 2004). The loading of 
MCAK to the centromere is dependent upon Shugoshin (Sgo) 2 (Huang et 
al., 2007), another inner-centromere protein that regulates chromatid 
cohesion by recruiting protein phosphatase (PP) 2A. In cells, depletion of 
Sgo2 delocalised centromeric MCAK in a microtubule independent manner 
(Huang et al., 2007). Interestingly, Bub1 is required for Sgo2 recruitment to 
the centromere, and therefore sits upstream in this pathway (Huang et al., 
2007). It must be noted, however, that no interaction between Sgo2 and 
MCAK has yet been documented in cells or using recombinant protein, 
suggesting that they do not form a stable complex (Huang et al., 2007). The 
recruitment of MCAK is also both positivity and negatively regulated by the 
kinase Aurora B, which demonstrates a similar localisation pattern (see 
below). In this regard, phosphorylation at S110 promotes targeting, while 
phosphorylation at S95 limits it (Zhang et al., 2007). Temporally 
downstream of these events, phosphorylation at S628 by an unknown 
kinase is responsible for the dissociation of MCAK from the centromeric 
region (Ganguly et al., 2012). Thus, MCAK requires several centromeric 
neighbours for its localisation, however, any direct interactions that mediate 
this process are yet to be discovered.  
!Kif18A is not a kinetochore-tethered motor per se, however, its specific 
functionality causes it to accumulate at the K-fiber plus-end adjacent to the 
kinetochore (Stumpff et al., 2011), a behaviour that is vital for its function 
(see below for discussion). The stable binding to, and accumulation at, the 
K-fiber plus-end is primarily mediated by loop 2 of the Kif18A motor domain 
(Kim et al., 2014). This behaviour is specific to Kif18A, as a chimera 
consisting of the Kif4A motor domain and the C-terminal tail of Kif18A failed 
demonstrate similar behaviour in vivo (Kim et al., 2014). It is important to 
note that in full length Kif18A, the C-terminus acts as processivity factor 
that provides a motor-independent microtubule-binding site (Stumpff et al., 
2011). This loading profile is also under phospho-control, with 
phosphorylation at S674/S684 by Cdk1 negatively regulating the motors 
accumulation, an action that is antagonised by a Kif18A bound pool of PP1 
(Hafner et al., 2014). Thus, while not being tethered to the kinetochore, 
Kif18A is predisposed to accumulate within this region after microtubule 
attachment.  
 
A1.8 The inner centromere 
 
The idea of an inner centromere localised ‘control hub’ for chromosome 
segregation was first suggested in 1991 by the chromosome passenger 
hypothesis (Earnshaw and Bernat, 1991). In the subsequent decades, this 
idea gained traction with the discovery of the chromosome passenger 
!complex (CPC, consisting of Aurora B, INCENP, borealin and survivin), 
which is located at the inner centromere, and is involved in the regulation of 
chromosome structure, the correction of erroneous kinetochore-microtubule 
attachments, and SAC signalling (van der Waal et al., 2012). The CPC can 
be divided into two functional modules, the first is an enzymatic component 
made of the Ser/Thr kinase Aurora B, which interacts with the highly 
conserved IN box at the C-terminus of INCENP (Adams et al., 2000). The 
second is a regulatory/targeting component, consisting of the INCENP N-
terminus, survivin and borealin (Jeyaprakash et al., 2007). The CPC first 
localises to pericentric heterochromatin during late S-phase via direct 
interaction of INCENP with HP1 (Ainsztein et al., 1998; Beardmore et al., 
2004; Cooke et al., 1987; Hayashi-Takanaka et al., 2009; Kang et al., 
2011a; Zeitlin et al., 2001), which is bound to histone H3 at the 
trimethylated residue Lys9 (Fischle et al., 2005; Hirota et al., 2005). As cells 
enter mitosis, Aurora B phosphorylation of histone H3 at Ser10 abrogates 
the HP1-Lys9 interaction (Fischle et al., 2005; Hirota et al., 2005), switching 
centromeric CPC loading to an M-phase specific pathway. Here, CPC 
enrichment is dependent upon the phosphorylation of two histone tails, 
namely H3T3 by haspin kinase (Kelly et al., 2010; Wang et al., 2010; 
Yanagishi et al., 2010), which generates the docking site for survivin (Du et 
al., 2012; Jeyaprakash et al., 2011), and H2AT120 by Bub1 (Kawashima et 
al., 2007; Yanagishi et al., 2010). The phospho-histone profiles overlap at 
!the inner-centromere, therefore maximising the CPC concentration within 
this region.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
